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  Abstract 
The capture, conversion, and long-term storage of carbon dioxide (CO2) as soil organic 
carbon (SOC), a process known as soil C sequestration, is a possible solution to the current and 
ever-increasing threat of rising greenhouse gas emissions and global climate change. Tallgrass 
prairies, which once historically covered the country, are known to accumulate and sequester 
large amounts of C from the atmosphere deep within the soil, due to their extensive rooting 
systems. The purpose of this research was to increase understanding of soil C sequestration 
dynamics and general functioning in disappearing native grassland ecosystems within Arkansas, 
as well as the effects of physiographic region (Ozark Highlands and Grand Prairie Regions), soil 
moisture regime (udic and aquic), landuse (agriculturally managed and native undisturbed), and 
years under restoration on soil properties in native grassland ecosystems and other types of 
managed soils, in order to enhance soil rehabilitation and ecosystem restoration projects. Soil 
samples were collected from the top 10 cm in 2001/2002 or 2005 and again in 2016/2017 and the 
change over time was directly quantified for soil bulk density, pH, electrical conductivity, soil 
organic matter (SOM), total C (TC), total nitrogen (TN), and the fraction of TC and TN in SOM. 
Results indicate greater soil C sequestration occurring in the relatively cooler and drier climate of 
the Ozark Highlands compared to the Grand Prairie region. Despite the native prairie losing soil 
C at a rate of 4.7 Mg ha-1 yr-1 over the 15-year duration of the study, likely due to the effects of 
severe ecosystem fragmentation, soil C storage in 2016 was more than 2.5 times greater in the 
native prairie than in the cultivated agroecosystems in the Grand Prairie. Soil properties within 
the restoration study generally behaved as expected, with beneficial decreases in soil BD and 
increases in SOM, TC, TN, and TC and TN fractions of SOM occurring over time as restoration 
age increased and tended towards that in the native prairie. The soil C sequestration rate obtained 
for the restoration study through linear regression analysis was much lower (i.e. 0.0033 Mg C ha-
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1 yr-1) than the rate acquired through direct measurement over the 12-yr sampling period, which 
ranged from -0.21 to 0.12 Mg C ha-1 yr-1, implying that linear regression among soil C contents 
and ecosystem age can lead to potential substantial underestimations of soil C sequestration 
occurring in prairie restorations. This research demonstrates the value of direct measurements 
over time for assessing temporal changes in soil properties so that results can be used to guide 
expectations of the effects of physiographic region and soil moisture regime for future 
restoration activities to be as successful as possible. 
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Introduction 
 2 
 
Global temperatures have been increasing at an alarming rate since the Industrial 
revolution, beginning in the 18th century, because of rising greenhouse gas (GHG) emissions 
from human activity in the form of burning fossil fuels, land clearing, urbanization, and habitat 
destruction. Rapid increases in temperature have resulted in extreme climatic variations, which 
have collectively been termed global climate change, that are leading to damaging effects on 
natural habitats and ecosystems that will likely intensify over time. Carbon dioxide (CO2) is the 
most abundant greenhouse gas in the atmosphere and has risen from 280 mg L-1, before the 
industrial revolution in 1730, to over 400 mg L-1 in 2015, and is predicted to rise by 2 mg L-1 per 
year (IPCC, 2014). To mitigate the effects of climate change, research is being pursued to 
enhance the natural process of soil carbon (C) sequestration in natural and managed ecosystems.  
 Soils play an important role in the global C cycle. Atmospheric C has the potential to be 
captured and stored within soil systems for extended periods of time in a process termed soil 
carbon sequestration. Photosynthesizing organisms drive the global C cycle by capturing CO2 
from the atmosphere and converting it into biomass that can then enter the terrestrial C pool as 
soil organic matter (SOM) to be processed and eventually incorporated into the soil organic C 
(SOC). The ability of a soil system to sequester C is dependent upon climate, soil structure, and 
the soil microbial community. Warmer and wetter climates tend to enhance the decomposition of 
SOC, due to a stimulation of the microbial community that carries out decomposition and 
respiration, which in turn cycles CO2 back into the atmosphere. However, decomposition of SOC 
creates condensates that are recalcitrant of further microbial decomposition that are fused with 
soil minerals, actively enhancing soil structure and aggregation, while simultaneously protecting 
a fraction of SOC from further microbial attack. These organo-mineral complexes are then 
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considered a part of the long-term (passive) C pool, where they can remain for anywhere from 
1500 to 3500 years or longer (Parton et al., 1998; Jenkinson, 1990).  
 Tallgrass prairies, which once occupied over 162 million ha of North America, are 
known to accumulate and sequester large amounts of C from the atmosphere (Sampson and 
Knopf, 1994). If left undisturbed, the dominant grasses in native prairies grow extensive root 
systems and symbiotic networks with the diverse soil microbial community, promoting soil 
aggregation, to create highly developed ecosystems with a positive imbalance that leads to 
increased storage of stabilized C compounds. Today, almost all the native tallgrass prairies are 
gone, most of which were converted to agricultural use, making native tallgrass prairie one of the 
most endangered ecosystems in the world.  
 Arkansas in particular has had a large majority of its native prairie land anthropologically 
converted, primarily for agricultural use. In fact, only 0.05% of the original prairies that once 
spanned across the state are still present today (Brye and Riley, 2009). In many instances, the 
surviving prairie remnants have low-quality soils with poor drainage and/or acidic conditions, or 
other limitations, which are not conducive for production agriculture (Brye and Kucharik, 2003).  
The ecosystem-specific processes and interactions that characterize native prairie systems 
influence soil C and N sequestration and are increasingly important to understand as the global 
community searches for ways to capture and store harmful levels of the CO2 to mitigate the 
effects of global climate change. Native prairies are rapidly disappearing around the world, 
especially in Arkansas, as a result of urban and agricultural development as well as the 
encroachment of invasive species. Due to the limited amount of research that has been conducted 
in the southern and mid-southern US, it is vital to research and catalog native prairie ecosystems, 
particularly in the warm and wet climate of Arkansas, to determine a baseline level of C and N 
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storage and sequestration across various functioning grasslands. Baseline data can, in turn, be 
used as reference points for establishing best management practices, even in agriculture, and 
high-quality, functioning prairie restorations in the future that will maximize C sequestration in 
these managed systems. Therefore, the goal of this thesis project is to catalog and compare 
carbon and nitrogen sequestration rates among a set of native tallgrass prairies, prairie 
restorations, and select managed agroecosystems within the Ozark Highlands and Grand Prairie 
regions of Arkansas for use in future soil restoration and rehabilitation projects.  
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Global Climate Change 
 Over the last two hundred years, global air temperatures have undergone dramatic 
increases due to the escalation of greenhouse gas (GHG) emissions caused by increased 
industrialization, urbanization, human population growth, and agricultural intensification. The 
combined average land and surface air temperatures from 1880 to 2012, calculated from a linear 
trend with 90% certainty, show mean warming of 0.85°C, which ranges from 0.65 to 1.06 °C, 
across the globe (IPCC, 2014). This striking increase in air temperature over such a short period 
of time has evolved into the climatic variations witnessed today that scientists have termed 
global climate change.  
 Global air temperatures have fluctuated throughout the Earth’s history. In only the last 
650,000 years, Earth has undergone seven cycles of glacial retreat and advance, with the last ice 
age ending close to 7,000 years ago, which marked the beginning of the modern climate era 
(NASA, 2014). However, these climatic variations are linked to small shifts in Earth’s orbit that 
affected the amount of solar energy reaching Earth’s surface and occurred over thousands of 
years to millennia. The current warming trend is of significant interest, based solely on the rate at 
which the global air temperatures are increasing. Proxy data, using ice cores, ocean sediment, 
coral reefs, layers of sedimentary rocks, and tree rings, show that average global climate changes 
following the last ice ages occurred gradually over about 5000 years, compared to the present 
climate shift, which has taken place over only two centuries and concentrated mostly in the last 
50 years (IPCC, 2014). 
 Significant changes in Earth’s atmospheric and surface temperatures, which affect the 
natural cycles that determine the global environment, at such an accelerated rate could lead to 
catastrophic results, many of which are already occurring and being measured today. These 
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effects include sea level rise, decreased snow cover, glacial retreat, ocean acidification, declining 
sea ice, warming oceans, shrinking ice sheets, and increased frequency of extreme weather 
events (NASA, 2014). All these effects have thresholds that, once met, will have irreversible 
ramifications on global ecosystems and economies that will last for generations. The scientific 
consensus is that the rising air temperatures witnessed today are the result an unprecedented rise 
in GHG emissions over the last century and a half, due primarily to human activity in the form of 
burning fossil fuels, agricultural land conversion and management, and deforestation (IPCC, 
2014).  
 
Rising Greenhouse Gases 
Greenhouse gas concentrations in the atmosphere have been on the rise since the 
Industrial Revolution began in the 18th century and have led to an enhancement of the 
greenhouse effect and dramatic increases in global air temperatures. The greenhouse effect is the 
process by which global atmospheric temperatures are determined and maintained. In addition to 
CO2, the other predominant GHGs include methane (CH4), nitrous oxide (N2O), ozone (O3), 
chlorofluorocarbons (CFCs), and water vapor (H2O). Of these primary GHGs, only CFCs are 
created solely through industrial processes (Brady and Weil, 2008). Greenhouse gases are unique 
from other atmospheric gases based on their capacity to pass short-wave radiation from the sun 
and trap reflected long-wave radiation from Earth’s surface, leading to the heating of the 
atmosphere and the surrounding environment. Without some degree of the greenhouse effect, 
radiation from the sun would reflect off Earth’s surface and reradiate back into space and life as 
it is known would not exist. However, if GHG concentrations exceed a certain level, thus 
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artificially exacerbating the greenhouse effect, then air temperature increases will surpass the 
rate of ecosystem recovery and adaptation (NASA, 2017).  
  Carbon dioxide is the most abundant GHG in the atmosphere. In 2010, the CO2 derived 
from burning fossil fuels and industrial processes contributed around 65% of total global GHG 
emissions, while forestry, land clearing for agriculture, and soil degradation collectively 
accounted for 11% of the global emissions (IPCC, 2014). In 2015, agricultural production alone 
accounted for 9% of total US GHG emissions (EPA, 2017). Fossil fuels are burned during 
agricultural production, from heavy machinery and equipment, and these emissions account for 
24% of the total global GHG emissions originating from fossil fuels (IPCC, 2014). 
  According to the Intergovernmental Panel on Climate Change (IPCC), the pre-industrial 
mean CO2 concentration in the atmosphere was estimated to be 280 mg L
-1, but, in 2015, the 
atmospheric CO2 concentration surpassed 400 mg L
-1, the greatest levels ever recorded in human 
history, and are continuing to increase at a rate of ~ 2 mg L-1 per year (NASA, 2017). Scientists, 
particularly climatologists, have calculated that to maintain the ecosystems to which human 
civilizations are acclimated, CO2 concentrations must be reduced to at least 350 mg L
-1, 
otherwise climatic variations and environmental degradation will only accelerate and intensify, 
causing economically and politically disastrous global migrations and irreversible environmental 
damage (Hansen et al., 2013). One possible solution to this ever-increasing threat is the capture, 
conversion, and long-term storage of CO2 as SOC through a process known as soil C 
sequestration.  
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Carbon Cycling 
 Carbon flows through the global C cycle between five primary pools: the oceanic pool, 
geologic pool (fossil fuels), pedologic (soil) pool, atmospheric pool, and biotic pool. The oceanic 
pool is the largest, storing approximately 38,000 Pg of C, followed by the geologic pool, which 
stores around 5,000 Pg, primarily in the form of coal (4,000 Pg), oil (500 Pg), and gas (500 Pg) 
(Lal, 2004b). The majority of the C held within the terrestrial ecosystem is stored within the soil 
(~2500 Pg), with only a fraction of the total terrestrial C stored within plant biomass (~560 Pg) 
(Stevenson, 1986). The soil C pool consists of two main components: soil inorganic C (SIC) and 
SOC. Soil inorganic carbon (SIC) is sequestered through the conversion of CO2 in the soil 
atmosphere into carbonic acid, which is then precipitated as secondary carbonates of Ca+2 and 
Mg+2 (Lal and Follet, 2009). The SIC pool could be about 12% more than that of SOC, but 
estimations made of the SIC pool are less confident than for the SOC pool (Schlesinger, 1991; 
Grossman et al., 1995). However, SIC is primarily located in soils of arid and semi-arid regions 
(Lal et Al., 1998). 
The global carbon cycle and SOC sequestration is fueled by the photosynthetic activity of 
plants and other autotrophic organisms, which converts CO2 into glucose (C6H12O6) or energy 
that is used to develop biomass. To create biomass, plants must also respire, which in turns 
releases CO2 back into the atmosphere. Heterotrophs, in turn, consume autotrophs to absorb 
energy and create biomass. Similar to the autotrophs they consume, heterotrophs must respire to 
function and grow, leading to additional CO2 returning to the atmospheric C pool. When 
heterotrophs and autotrophs die, the C contained in their bodies is then returned to the soil and 
the atmosphere in a process called decomposition.  
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The C compounds returned to the soil during decomposition are known as soil organic 
matter (SOM), which consists of three separate pools: active, slow, and passive.  These pools are 
classified by the amount of time the SOM remains stable before further decomposing and 
returning to the atmosphere. Soil organic matter within the active pool consists of labile or easily 
decomposable particulate organic matter (POM) that has half-lives of only a few days to a few 
years and provides most of the readily accessible food for soil organisms (Lal et al., 2009). The 
active pool of SOM contributes most of the beneficial effects of structural stability, which 
enhances a soil’s infiltration capacity and resistance to erosion and can be readily increased by 
adding fresh plant and animal residues. However, due to the instability of the organic material, 
the active C pool can be easily lost due to reductions in organic additions or increased tillage.  
 The more resistant organic materials are included within the intermediate and passive 
SOM pools. The intermediate and passive pools include the finest fraction of POM that has an 
abundance of lignin and takes longer to decompose than the active pool C and is chemically 
resistant.  The half-lives of materials within the intermediate pool are often measured in decades. 
In contrast, SOM can remain in the passive pool for up to hundreds and even thousands of years 
protected in clay-OM complexes. Some models postulate a passive pool with C turnover rates of 
1,500 to 3,500 years or longer (Parton et al., 1998; Jenkinson, 1990). The passive pool accounts 
for 60 to 90% of the SOM in most soils and is only lost after years of weathering (Brady and 
Weil, 2008).  
 Decomposition is an enzymatic oxidation of C compounds to produce CO2, water, 
energy, and biomass for the decomposer. Most decomposers exist in the soil microbial 
community, a diverse and only partially understood biome. Researchers estimate that 90 to 99% 
of soil microbes are unculturable by current technologies (Hill et al., 2000). As a result, distinct 
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soil processes cannot be easily attributed to specific organisms. However, current knowledge 
suggests that only a select group of fungi produce the extracellular enzyme that can completely 
degrade highly recalcitrant lignin material and no bacteria have yet to be identified that are able 
to initiate or complete lignin decomposition (Conesa et al., 2002).  
  Decomposition of recalcitrant C sources is heavily reliant upon extracellular enzymes, 
which must sorb to a limited number of sites located on mineral substrate surfaces, to increase 
the longevity of enzymatic functions. The limiting effect of the sorption sites regulates the 
production of extracellular enzyme production by microorganisms and consequently 
decomposition (Jastrow et al., 2007). Fungi are singular in their ability to expand the zone of 
extracellular enzyme activity through mycorrhizal hyphal growth that forms “bridges” between 
the soil and surface litter (Beare et al., 1992). Hyphal networks are most developed in 
undisturbed ecosystems and contribute heavily to soil macroaggregate stability (Miller and 
Jastrow, 2000). In addition, some researchers have reported bacteria to have lower microbial 
growth efficiency (MGE), than fungi, meaning that when metabolizing the same amount of C, 
bacteria would produce less biomass and contribute less to pools of stabilized C than fungi, while 
respiring more CO2 (Adu and Oades 1978; Claus et al., 1999). For example, the Century SOM 
model (Parton et al., 1987) assumes 55% of the C assimilated by microbial biomass following 
the decomposition of the non-lignin SOM pool will be lost as CO2, while only 45% of the C is 
lost as CO2 during the microbial decomposition of the non-lignin surface litter. This model 
parameter, comparing the decomposition of surface OM and SOM, assumes that fungi have a 
greater MGE than bacteria, in which bacteria are the primary decomposers of the non-lignin 
SOM pool, while fungi are the primary decomposers of surface litter (Six et al., 2006).  
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Terrestrial Carbon Sequestration 
 Atmospheric CO2 can be sequestered and transformed to complex organic forms, which 
are highly resistant to decomposition (Lal and Follett, 2009). Soil C sequestration requires a 
positive disequilibrium between inputs and outputs of SOM, which can be driven by an increase 
of inputs from perhaps enhanced biomass production, a decrease in losses like erosion and/or 
respiration, or both concurrently. Carbon sequestration occurs when this positive imbalance is 
perpetuated over a period, resulting in the system ultimately reaching a new equilibrium at a 
greater steady state (Jastrow et al., 2007).  
 Accumulation of SOC is mostly reliant upon plant productivity and the photosynthetic 
process. To undergo photosynthesis, plants absorb CO2 from the atmosphere and utilize the C to 
form biomass. In turn, using physical and chemical processes, soil macro- and micro-fauna 
decompose the detritus (i.e., dead plant material) into complex organic molecules that are more 
resistant to decomposition. However, SOC storage in soils is a dynamic process, meaning that C 
derived in the process ultimately cycles back to the atmosphere through respiration (Jastrow et 
al., 2007). About 70% of the C within SOM is respired by decomposers as CO2 back into the 
atmosphere, while ~ 30% is retained within the SOC pool at the end of the growing season 
(Stevenson, 1986). As C remains in the soil, two primary mechanisms take place to stabilize the 
C: biochemical alteration and physiochemical protection. Therefore, residence time of C in the 
soil is a leading determinant of the capacity of a soil to sequester C. 
Through biochemical alteration, SOC is converted by biotic and abiotic processes to 
chemical forms more resistant to decomposition and often more easily adsorbed to soil solids. 
The biochemical alteration processes are often referred to as humification and the converted 
resistant products are known as humic substances or humus. Humus can be classified into three 
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chemical groupings based on solubility: fulvic acid, humic acid, and humin. Fulvic acid has the 
lowest molecular weight and is soluble in both acid and alkali, making fulvic acid the most 
susceptible to microbial attack. Humic acid has a moderate molecular weight and is only soluble 
in alkali, giving humic acid an intermediate resistance to microbial attack. Lastly, humin has the 
greatest molecular weight and is darkest in color, as well as insoluble in acidic and alkali, 
rendering humin the most resistant to microbial decomposition (Stevenson, 1999).  Humification 
typically occurs in two stages, starting with the fragmentation of plant-derived residues into 
POM, followed by the decomposition of the POM into smaller recalcitrant molecules. 
Decomposition is then preceded by condensation and polymerization reactions, which generate 
new and larger molecules from the small recalcitrant molecules developed during decomposition 
(Jastrow et al., 2007). These new and larger molecules are termed condensates and are highly 
resistant to decomposition, likely a result of the enhancement of their sorption affinities (Elmholt 
et al., 2008).  
Soil organic C can also be stabilized with physiochemical protection through mechanisms 
such as sorption to soil surfaces, complexation with soil minerals, occlusion with aggregates and 
deposition in pores that are inaccessible to decomposers and extracellular enzymes (Jastrow et 
al., 2007). The SOC that is not complexed with mineral matter is referred to as the light fraction 
organic carbon (LF-OC) and includes particulate plant and animal residues that are susceptible to 
or undergoing decomposition. Turnover in the LF-OC pool is dependent upon soil 
macroaggregate formation, which allows for the LF-OC to be stabilized as intra-aggregate 
particulate C and is therefore dynamic in nature and heavily impacted by soil disturbances like 
tillage and cropping. Soil organic C that has been biologically transformed through 
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decomposition and stabilized in clay- and/or silt-sized organo-mineral complexes make up the 
majority of SOC (Cambardella and Elliot, 1992; Post and Kwon, 2000).  
Soil aggregate formation is an important mechanism to facilitate soil C storage. An 
aggregate’s capacity to withstand damaging effects from soil disturbances and erosion is known 
as aggregate stability (Kemper and Rosenau, 1986). Aggregate stability can have numerous 
positive effects on the overall health of a soil including increased infiltration, reduced erosion, 
and improved conditions for plant emergence and root growth, as well as physical protection of 
SOC from erosion, microbial decomposition, and oxidation by providing physical barriers that 
inhibit microbes and enzymes from reaching available OM. (Wander and Yang, 2000). Organic 
matter is protected when positioned in pores that are too small for bacteria or fungi to penetrate 
or within aggregates, which can become partially anaerobic due to slow oxygen (O2) diffusion 
through inter-aggregate micro-pores (Jones and Donnelly, 2004). Carbon is stored within and 
around the aggregate as POM where the C will potentially remain for thousands of years in the 
long-term SOC pool if left undisturbed (Jastrow et al., 2007). Depending on the microclimate, 
vegetation, and the soil microbial community, anywhere from 2 to 20% of C added to soils is 
transferred to the long-term passive SOC pool (Lal, 2004a). The passive SOC pool is believed to 
be comprised of inert LF-OC (i.e., charcoal) and extremely chemically recalcitrant SOC within 
organo-mineral complexes (Post and Kwon, 2000).  
 The replenishment of SOC within an ecosystem has several inadvertent positive effects 
including increased agricultural productivity, greater water infiltration and retention capability, 
restorative effects on degraded soils and ecosystems, and the conservation of biodiversity (Lal, 
2004b). However, if the soil is disturbed and exposed to atmospheric oxygen (O2), the SOC is 
then readily decomposed and converted back to CO2, which enters the atmosphere again as a 
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GHG. The soil disturbances that promote the most release of CO2 include logging, burning, and 
cultivation, due mainly to a removal of biomass and destruction of soil structure and aggregation. 
Logging limits soil C sequestration based on the removal of biomass, i.e. trees, and compaction 
from machinery. Burning also removes aboveground biomass, which diminishes the amount of C 
that can be returned to the soil. However, charcoal is highly recalcitrant and will therefore 
remain within the soil as stored C. Cultivation is considered the most C-intensive disturbance, 
due to the effects of tillage on soil structure and aggregation. Soil disturbances like logging, 
burning, and cultivation have led to the loss of approximately half of all soil C in managed 
ecosystems over the last two hundred years (McCarl et al., 2007). However, this loss can now be 
seen as an opportunity for enhancing soil C storage potential. 
  
Carbon and Nitrogen Dynamics 
 To build their cells and utilize energy, soil microbes require a balance of nutrients 
derived from the decomposition of OM. Carbon alone is not sufficient to support life and must 
be supplemented by other nutrients, most importantly nitrogen (N), which is essential to 
synthesize amino acids, enzymes, and deoxyribonucleic acid (DNA) (Brady and Weil, 2008). 
Carbon and N concentrations in the soil or within decaying OM are often described as a ratio, 
and, on average, soil microbes must incorporate eight parts C for every one-part N (i.e., a C:N 
ratio of 8:1) into their cells in order to thrive. This ratio is due to the fact that microbes are 
relatively inefficient and only about one-third of C metabolized is utilized in their cells. Nitrogen 
is a limiting nutrient in many ecosystems, meaning if the C:N ratio exceeds 25:1, soil microbes 
will scavenge within the soil and soil solution to compete heavily with each other and plant roots 
for the available N. Microbial and plant activity will decline rapidly once the N is depleted. Due 
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to this relationship, the C:N ratio is a useful indicator for the level of microbial activity within 
the soil ecosystem. Low C:N ratios would indicate increased microbial activity, which would 
mean increased decomposition and respiration and potentially lower levels of SOC (Paustian et 
al., 1992).  
 
Native Grasslands 
 Grasslands are unique ecosystems that play a large role in soil C sequestration in North 
America. Originally, native prairies extended across vast tracts of the North American Great 
Plains, spanning over 162 million ha from Canada and into Mexico, as well as the Rocky 
Mountains and through western Indiana. The Great Plains had three main prairie types: i) the 
tallgrass prairie stretching from Canada and Minnesota into southern Texas with isolated patches 
in Ohio, Kentucky, and Arkansas, ii) the mixed grass prairie extending from Canada and North 
Dakota into Texas, and iii) the shortgrass plains of western Texas and New Mexico reaching up 
through northern and eastern Montana (Steinauer and Collins, 1996). These prairie types differ 
by species diversity, originating climate, and in the case of the shortgrass prairie, vegetation 
height. Tallgrass prairies are dominated by large C4 grasses, with subordinate species of mid- to 
short-stature C4 and C3 grasses, forbs, and some C3 graminoids that increase in density from 
north to south (Steinauer and Collins, 1996). When initially fixing CO2, C4 grasses will convert 
the CO2 into a four-C compound, while C3 grasses convert CO2 into a three-C compound 
(Sampson and Knopf, 1994). Primary production in mixed grass prairies is dominated by C3 and 
C4 perennial grasses, but supports a large diversity of forbs, resulting in no plant species being 
endemic to the mixed prairie (Bragg and Steuter, 1996). Short grass prairies are recognized by 
their short stature, which is a result of water stress, typical of the west Texas and New Mexico 
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region (Weaver et al., 1996). Species that dominate short grass prairies are warm-season (C4) 
grasses that tolerate intensive grazing and some small forbs that thrive in periods of heavy 
rainfall relative to the area.  
 Native prairies in the Great Plains region were interwoven with forest vegetation and, 
following an increasing rainfall gradient, these prairies transitioned into smaller and more 
disjointed patches moving from west to east (Sampson and Knopf, 1994). Since native prairies 
historically occurred more frequently in areas of limited water availability and relatively large 
evaporative demand during the growing season, prairies were more prevalent in the mid-western 
region of North America (West and Nelson, 2003). However, following European settlement and 
agricultural advancement, almost all native prairies have been lost and only 1% of their original 
extent remains in the continental US, making the native tallgrass prairie one of the rarest and 
most endangered ecosystems in North America (NPS, 2017). 
 Fire has played a key role in the formation and maintenance of prairies. Native prairies 
have historically been influenced by fire, either naturally by lightening or deliberately by Native 
Americans, to reduce the encroachment of woody vegetation and release nutrients bound in 
surface litter (Steinauer and Collins, 1996). Prolonged accumulation of excess litter leads to a 
decline in nutrient availability within a prairie ecosystem and causes a decrease in productivity 
(Anderson, 1982). However, after burning, the soil surface and nutrient rich ash may be 
susceptible to runoff and wind erosion and could be transported off-site. Nitrogen is also 
volatilized during a prairie fire; however, fire creates optimal conditions for shorter N-fixating 
plants to thrive and return N back into the ecosystem and increase productivity by removing 
aboveground litter and tallgrasses, subsequently increasing the amount of solar radiation 
reaching the soil surface (Hulbert, 1988).  
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Timing and frequency of burning are key components to enhancing SOM and C and N 
cycling, while also maintaining a supply of plant essential nutrients within a prairie ecosystem.  
A study conducted on a humid-subtropical tallgrass prairie following 12 years of annual burning 
in eastern Arkansas resulted in a significant increase in SOM, as well as total N and C, which 
were sequestered in the soil at rates of 0.06 kg N ha-1 yr-1and 0.003 kg C ha-1 yr-1, in the top 10 
cm, as well as a decline in soil bulk density from 1.17 to 1.13 g cm-3 (Brye, 2006). However, in 
contrast to the gain in soil C and N, significant losses in extractable soil nutrients also occurred 
from the top 10 cm, including phosphorous (P), iron (Fe) and manganese (Mn), with losses 
quantified as 31, 78, and 159 kg ha-1 over 12 years, respectively (Brye, 2006). Results from Brye 
(2006) supported the hypothesis that the combination of volatilization and ash convection would 
cause the decline of soil nutrients and, consequently, productivity within a prairie ecosystem, 
which represented a negative impact of repeated annual burning.  
In relation to the timing of a prescribed burn, a study of sequential burning effects was 
conducted on a grassland restoration in the mid-Atlantic coast in eastern Maryland to compare 
changes in soil chemistry following spring and fall burns (Sherman and Brye, 2009). A greater 
increase was observed in pH in the top 20 cm following the spring burn, compared to a less 
significant pH increase observed only in the top 2.5 cm of soil proceeding the fall burn (Sherman 
and Brye, 2009). This difference in pH could be explained by the greater total rainfall received 
early in the spring season (4.62 cm) than the total rainfall received late in the fall season (3.48 
cm), which would result in more char-C from the burn infiltrating deeper in the soil to undergo 
hydrolysis with salts in the soil and increase pH (Sherman and Brye, 2009). Results from 
Sherman and Brye (2009) supported other research that has reported enrichment of char-C in soil 
depths below 10 cm in mixed grass native prairies subjected to historic prescribed burning, 
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where the downward movement of char has been attributed to water percolation and soil 
organisms (Dai et al., 2005; Knicker, 2007).   
In their undisturbed state, tallgrass prairies are known to accumulate large amounts of 
SOC because of the deep and extensive rooting system of the grasses (Follett et al., 2001). Up to 
98% of the total C stored in grassland ecosystems can be sequestered belowground (Hungate et 
al., 1997). However, as CO2 concentrations in the atmosphere rise, some studies have indicated 
that C decomposition will increase in grasslands soils as C sequestration and long-term C storage 
decrease due to increased temperatures and microbial respiration (Hungate et al., 1997; Niklaus 
and Falloon, 2006). Further research into understanding native prairie C storage must be 
conducted to determine if soils of remnant prairies sequester more C in their undisturbed state or 
if they should be managed to increase their C sequestration potential. 
 Native grassland soils typically have well-developed aggregate structures, indicating 
moderate bulk densities and a large water infiltration capacity, allowing for larger and more 
diverse microbial populations and extensive mycorrhizal hyphae networks within the soil that, in 
turn, generate large pools of sequestered SOC (Brye et al., 2008). However, these highly 
productive prairie systems are rapidly disappearing because of the desirable fertility of prairie 
soils (i.e., Mollisols and Alfisols), for cultivation purposes and to sustain human needs. In the 
state of Arkansas, less than 0.05% of the original prairies that once spanned across the state are 
still present today (Brye and Riley, 2009). In many instances, the prairie remnants that remain 
undisturbed have low-quality soils with poor drainage and/or acidic conditions, or other 
limitations, which are not well suited for production agriculture (Brye and Kucharik, 2003).  
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Another common feature of prairie remnants is severe fragmentation that has resulted in 
these ecosystems being surrounded by high-input agricultural systems, confined animal-feeding 
operations, and/or urban areas, which has led to improper natural functioning and elevated 
pollutant levels in the soil and water systems that may lead to decreased ecosystem quality and C 
sequestration potential. As a result of severe fragmentation, many native grasslands have been 
invaded by exotic species, such as Bermudagrass (Cynodon dactylon), tall fescue (Lolium 
arundinaceum [Schreb.] Darbys.), and johnson grass (Sorghum halpense), which are known to 
thrive in lower-quality soils (Brye and West, 2005). 
  
Carbon Sequestration Rates and Potential of Grasslands 
 Soil carbon sequestration rates and potential within a grassland are dependent on the 
same factors that lead to pedogenesis: parent material, climate, biota, topography, and time. 
However, climate and biota tend to play a more significant role in the C cycle and therefore are 
often more important to the sequestration process. In the upper Midwest (Land Resource Region: 
M and K; USDA-SCS, 1981), 30-year average (1981-2010) annual minimum and maximum 
temperatures range from -13 to 26°C, and soil temperatures typically reach below freezing every 
winter, with an average temp of -7°C, which allows SOC to accumulate rather than decompose 
through oxidation (NCEI, 2010). In contrast, in northwest Arkansas and the southern Mississippi 
Alluvial Valley, air temperatures range from -2 to 31°C, with an average temperature of 3.5°C in 
the winter and rarely getting below freezing long enough to cease microbial decomposition, 
although microbial decomposition is slowed to a point to allow SOC accumulation, but generally 
at a slower rate than the soils of the upper Midwest (NCEI, 2010). However, grassland 
restoration studies in both regions have shown that, past a certain threshold of accumulated SOC, 
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sequestration rates slow or cease once a new equilibrium of SOC addition and decomposition 
within the system has been reached (Brye and Kucharik, 2003; Kucharik, 2007; Brye and Gbur, 
2011; Brye et al., 2008). Therefore, although Alfisols and Mollisols in the upper Midwest have a 
greater accumulated SOC pool, it could be that the Alfisols and Ultisols of Arkansas have the 
potential to sequester more SOC over time, due to lower initial SOC pools (Brye and Gbur, 
2010). Consequently, more research in directly comparing the quantitative difference in 
sequestration potential between Alfisols and Ultisols in the mid-South, particularly Arkansas, 
and Alfisols and Mollisols in the upper Midwest is required.  
 Precipitation is also related to SOC accumulation, since greater available water generally 
promotes greater biomass production, which allows more C-rich plant material to be returned to 
the soil. However, greater precipitation in soils with a greater clay content, initially low SOC 
pools, and/or increased bulk density, would lead to reduced infiltration and percolation, and 
create periodically anaerobic conditions that would create reducing conditions, inhibit microbial 
decomposition of SOM, and promote denitrification (Parton et al., 1987). This interaction 
between the physical, biological, and climatic factors within a soil system leads to a 
classification of the soil moisture regime (SMR), which is defined in terms of the level of soil 
moisture in relation to the level of seasonal presence or absence of water in an ecosystem 
(USDA-NRCS, 2010). 
 Plant species distribution also affects SOC sequestration potential. Some management 
practices, for example frequent spring burning or moderate to heavy animal stocking rates in 
grazing rotations, can result in a change in plant community composition by reducing cool-
season (C3) perennial grasses, while increasing predominant warm season and more drought-
tolerant (C4) perennial grasses, which can lead to increased SOC storage near the soil surface 
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due to a greater transfer of C belowground from more labile C-rich C4 grass types (Coupland 
and Van Dyne, 1979). However, this conversion to C4 grasses can lead to decreased species 
diversity and richness within the ecosystem, as well as a decrease in cold and flood tolerance of 
the plant community (Steinauer and Collins, 1996). In addition, depending on the C:N ratio 
within the soil system, C4 dominated grasslands could result in lower SOC storage overtime due 
to the readily decomposable nature of the warm season grass species. 
  
Regional Differences Among Native Tallgrass Prairies in Arkansas 
 Soil formation and resulting soil properties are inextricably linked with climatic factors 
and parent material. Arkansas is separated into at least two distinct climates and parent material 
sources. The northwest region of Arkansas, known as the Ozark Highlands, [Major Land 
Resource Area (MLRA) 116A; USDA-SCS, 1981] is relatively warm and wet and dominated by 
deciduous forest vegetation both presently and as the climax vegetation community. Cherty 
limestone residuum is the soil parent material for much of the Ozark Highlands. Soils in the 
Ozark Highlands are typically moderately deep and medium- to fine-textured Udults and Udalfs. 
The Ozark Highlands contain the remnants of the Osage Prairie, which once extended through 
south-central and southwestern Missouri, as well as northwest Arkansas (MDC, 2007). Presently, 
less than 0.5% of the original Osage prairie exists, due to the conversion to pasture and hay 
meadows now populated with naturalized (i.e., introduced) species (Brye and West, 2005).  
 East-central Arkansas contains the remnants of the tallgrass prairie regionally referred to 
as the Grand Prairie, within MLRA 134 - Southern Mississippi Valley Loess (USDA-SCS, 
1981), which is an area that is relatively warm and wet, with fertile alluvial parent material 
sourced from the historic flooding of the Mississippi River and was once dominated by 
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undisturbed grasslands (ANHC, 2002). Soils in the Grand Prairie are typically deep to very deep 
with medium texture and mixed mineralogy (NRCS, 2017).  However, the Grand Prairie is now 
predominantly cultivated agriculture, with significant areas of rice (Oryza sativa) and soybean 
(Glycine max) production (Brye and Gbur, 2010).  
 In a study conducted by Brye and Gbur (2010), soil C contents in top 10 cm were 
compared across physiographic region, SMR, and land use in Arkansas. Brye and Gbur (2010) 
reported that native prairies in an aquic SMR in the Grand Prairie region had the greatest SOC 
content (3.04 kg m-2) in the top 10 cm compared to prairie areas in a udic SMR in the Grand 
Prairie region (2.52 kg m-2) as well as the udic and aquic prairies in the Ozark Highlands (2.30 
and 1.94 kg m-2, respectively). Soils in an aquic SMR are classified as being saturated long 
enough for microbial and root respiration to deplete dissolved oxygen to the point of being 
virtually absent, leading to reducing conditions and greatly slowing microbial decomposition of 
SOM, whereas soils in a udic SMR are required to have, except for short periods, a three-phase 
system (soil-liquid-gas) in all or part of the soil moisture control system when the soil 
temperature is above 5°C (USDA-NRCS, 2010).  The results of Brye and Gbur (2010) were most 
likely due to the slightly warmer (~2.1°C warmer) and wetter conditions (~10 cm more annual 
rain) in the aquic and udic SMR of the Grand Prairie region compared to that of the Ozark 
Highlands, which likely contributed to greater belowground biomass production and potentially 
longer periods of reducing conditions, therefore increasing SOC accumulation (NCEI, 2010).  
However, compared over time, the SOC content changes in the top 10 cm between physiographic 
regions, averaged across land use and SMR, equated to soil C sequestration rates of 0.05 and -
0.04 kg SOC m-2 yr-1 for the Ozark Highlands and Grand Prairie region, respectively (Brye and 
Gbur, 2010). The net loss of SOC in the Grand Prairie region could have been a result of 
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ecosystem age, where equilibrium of SOC sequestration was met, and or greater fragmentation 
of native prairies, which has led to decreased productivity in the Grand Prairie region than in the 
Ozark Highlands (Brye and Gbur, 2010).  
 Comparing native prairies across physiographic regions, Brye et al. (2004b) reported that 
SOM concentrations in the top 10 cm in native prairie ecosystems generally increased south and 
eastward across Arkansas, due to increasing precipitation in the Grand Prairie region compared 
to the Ozark Highlands. Brye et al. (2004b) also reported that bacterial biomass concentrations in 
the top 10 cm tended to be greater in the Ozark Highlands (182 μg g-1) compared to the Grand 
Prairie (137 μg g-1), and fungal biomass concentrations were also numerically greater (477 μg g-1 
and 179 μg g-1, respectively). Larger bacterial and fungal biomass concentrations could result in 
more decomposition of SOM, especially by fungi, since fungi specialize in the decomposition of 
more recalcitrant C sources that bacteria would not be able to breakdown without the assistance 
of fungal enzymes.  
 
Influence of Agriculture 
 Agricultural production is one of the leading disturbances of the SOC pool because of the 
management practice of conventional tillage (McCarl et al., 2006). Over the years, due to 
reduced C inputs and continual disturbance through conventional tillage, between 40-60% of 
SOC has been lost following the conversion of lands from tallgrass prairie to cultivated 
agriculture (Kucharik et. al. 2001). This decrease can be explained by the initial land conversion 
to non-native vegetation, followed by the rapid oxidation of SOM from conventional tillage and 
minimal vegetative cover and biomass inputs back to the soil. Rapid declines in SOC are due 
partly to the mechanical disintegration of soil aggregates during repeated annual tillage, which 
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exposes organo-mineral surfaces that had otherwise been unavailable for decomposition by 
microbes and the physical loss of SOC due to erosion (Post and Kwon, 2000).  
  A study conducted in a chronosequence of four Typic Albaqualfs in adjacent fields in 
Prairie County, Arkansas, varying only in time under cultivation with the control as a native, 
undisturbed tallgrass prairie, observed an exponential decrease in SOC as years of cultivation 
increased (Brye et al., 2004a). Brye et al. (2004a) used data collected from 1987 and 2001 to 
determine the change in SOC concentration in the top 10 cm as a result of years under 
cultivation. Results from a 1987 sampling showed an increase of 2.4 g SOC kg-1 after one year of 
cultivation compared to the adjacent native prairie, most likely due to the oxidation of OM that 
was abundant in the soil before conversion to cultivated agriculture (Brye et al., 2004a). 
However, as years under cultivation increased to 12 and 30 years, SOC concentrations decreased 
by 5.5 (36.1%) and 6.8 g kg-1 (44%), respectively (Brye et al., 2004a). In 2001, SOC 
concentrations in the agricultural fields that had undergone 15, 26, and 44 years of annual 
cultivation had dropped by 10.3 (55.7%), 11.9 (64.3%), and 11.5 g kg-1 (62.2%) respectively, in 
comparison with the native prairie, which had sequestered 0.49 g SOC kg-1 yr-1, between 1987 
and 2001 (Brye et al., 2004a).   
 A study conducted by Brye and Pirani (2005) in the Grand Prairie region of east-central 
Arkansas showed a significant difference in soil C concentration and content in the top 10 cm 
between native prairie (2.3 to 3.2% C; 2.5 to 3.4 kg C m-2) and adjacent tilled agricultural 
systems (1.0 to 1.7% C; 1.3 to 2.0 kg C m-2). Specifically, the difference in soil C tended to be 
greater when the agricultural fields had been tilled for 30 or more years than when the 
agricultural fields had been tilled for less than 30 years (Brye and Pirani, 2005). Following the 
conversion from native prairie to intensely tilled agriculture, a 17 to 52% decrease in soil-quality 
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related parameters was observed, including sand content, soil OM, total N, and total C (Brye and 
Pirani, 2005). 
 In a study conducted by Brye and Gbur (2010), soil properties as affected by land use, 
SMR, and regional differences were compared among two native prairies and two agricultural 
fields on fine-silty soils in the Ozark Highlands and Grand Prairie regions of Arkansas in a udic 
and aquic SMR. Land use differences in SOC content changes in the top 10 cm of the native 
prairie and agricultural land use, averaged across region and SMR, equated to soil C 
sequestration rates of 0.04 and -0.03 kg SOC m-2 yr-1, respectively (Brye and Gbur, 2010). Some 
level of SOM turnover is necessary to incorporate and protect fresh C inputs from rapid decay 
and mineralization; however, turnover that occurs too quickly or too often can lead to decreases 
in microaggregate stability and formation, therefore decreasing soil C sequestration potential 
(Six et al., 2004). With best management practices, like conservational tillage, no-tillage, cover 
crops, and elimination of fallow periods, which increase C input into the system, agricultural 
fields have the potential to become C sinks instead of their historic role as C sources.  
 
Prairie Restorations 
 In addition to playing key roles in the global C cycle, prairie ecosystems are also habitats 
for thousands of plant and animal species, therefore restoration projects are rising in interest 
because of aesthetic, environmental, ecological, and biological conservation purposes (Lal, 
2004a). There is a growing movement towards restoring marginally productive or fallow lands 
back to more natural and historic land use (Brye and West, 2005). Grassland restoration projects 
will often yield greater environmental benefits compared with other ecosystem restoration efforts 
because of large C inputs from the perennial grasses and highly developed root structures that 
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promote aggregation and microbial diversity and density. A revegetation project of pre-
agricultural land on the Loess Plain in China resulted in the largest SOC storage change in the 0-
20 and 20-40 cm depths, within the natural grassland ecosystem, compared with other land uses, 
including artificial pasture, shrubland, and cropland (Cheng et al., 2014).  
 Many factors are involved with the success of a restoration project, including previous 
land use, topography, soil moisture regime, climate, initial soil conditions, time, parent material 
and the types and degree of management. Therefore, the outcomes of restoration projects are not 
guaranteed, unless site-specific conditions have been taken into consideration (Brye et al., 2008). 
A study of a chronosequence of humid-temperate tallgrass prairie restorations in the Ozark 
Highlands on fine-silty soils showed that SOM and total C, in the top 20 cm, increased with 
restoration age and tended towards the observed levels in the adjacent native prairie after 4 years 
(Brye and Riley, 2009). However, Brye et al. (2002) reported on the progress of a tallgrass 
prairie restoration between 19 and 24 years following restoration from cultivation, in southern 
Wisconsin, similarly on silt-loam soils, and showed no significant increase of total C content in 
the top 60 cm, which could suggest that the ecosystem had reached equilibrium, or the changes 
were too small to measure over the 5-year time period. However, Brye et al. (2002) also 
concluded that total C and N contents in the top 60 cm of the prairie restoration were increasing 
relative to the contents measured in the adjacent cultivated agricultural field and approaching 
those measured in the two contiguous remnant tallgrass prairies, highlighting the difficulty in 
interpreting quantitative measurements of soil properties and a need to monitor vegetation 
characteristics as well to draw concrete conclusions about the progress of a prairie restoration 
project. Prairie restoration studies and research conducted in native prairie systems have been 
mostly centered in the Great Plains region of the United States and little research has been 
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conducted in Arkansas to further understand the C storage potential over time of remnant prairie 
sites and prairie restorations (Brye and West, 2005). 
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Chapter Two 
Physiographic region and soil moisture regime effects on soil carbon and nitrogen 
sequestration in native tallgrass prairies in Arkansas   
 37 
 
Abstract 
Increasing understanding of soil carbon (C) sequestration dynamics and general 
functioning in disappearing native grassland ecosystems, as well as the effects of physiographic 
region and soil moisture regime on soil properties of native grassland ecosystems, has the 
potential to enhance soil rehabilitation and ecosystem restorations. The objective of this study 
was to evaluate the effects of soil moisture regime (i.e., aquic and udic) and physiographic region 
(i.e., Ozark Highlands of northwest Arkansas and Grand Prairie region of east-central Arkansas) 
on the change in soil C and nitrogen (N) storage and other soil properties over a 15-year period. 
Soil samples were collected from the top 10 cm in 2001/2002 and again in 2016/2017 and the 
change over time was directly quantified for soil bulk density, pH, electrical conductivity, soil 
organic matter (SOM), total C (TC), total nitrogen (TN), and the fraction of TC and TN in SOM. 
Based on direct measurements, averaged across soil moisture regime, TC content and 
concentration, C:N ratio, and TC fraction of SOM all increased (P < 0.05) over time in the Ozark 
Highlands, as well as the Grand Prairie region, with the exception of TC content and 
concentration, which both decreased in the Grand Prairie. Despite the Grand Prairie region losing 
soil C at a rate of 0.23 Mg ha-1 yr-1 or 0.02% yr-1 over the 15-year duration of this study, likely 
due to the effects of severe ecosystem fragmentation, soil C storage in 2016 did not differ 
between physiographic regions when averaged across soil moisture regime. The TC fraction of 
SOM changed more over time (P < 0.01) in the Ozark Highlands under aquic soil moisture 
conditions (1.3% yr-1) compared to the other three soil moisture regime/region combinations. 
The TN and TC fractions of SOM were both greatest in the Ozark Highlands region under aquic 
soil moisture conditions (5.1% TN and 63.5% TC), however the concentration of SOM was 
greatest under udic soil moisture conditions in the Ozark Highlands (53%). Results indicate 
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greater soil C sequestration occurring in the relatively cooler and drier climate of the Ozark 
Highlands compared to the Grand Prairie region. This study demonstrates the value of direct 
measurements over time for assessing temporal changes in soil properties so that results can be 
used to guide expectations of the effects of physiographic region and soil moisture regime for 
future restoration activities to be as successful as possible. 
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Introduction 
 Native grasslands, specifically prairies, are unique ecosystems that play a large role in the 
global carbon (C) cycle. Carbon flows through the global C cycle among five primary pools: the 
oceanic pool, geologic pool (i.e., from fossil fuels), pedologic (i.e., the soil) pool, atmospheric 
pool, and biotic pool. Within the atmospheric pool, carbon dioxide (CO2) is the most abundant 
greenhouse gas (GHG) and has been increasing at an alarming rate. According to the 
Intergovernmental Panel on Climate Change (IPCC), the CO2 concentration in the atmosphere in 
1880, before the Industrial Revolution, was estimated to be 280 mg L-1, but, in 2015, the 
atmospheric CO2 concentration surpassed 400 mg L
-1, the greatest levels ever recorded in human 
history and are continuing to increase at a rate of ~ 2 mg L-1 y-1 (NASA, 2014). The increase in 
GHG emissions, such as from CO2, have been directly linked to increased industrialization, 
urbanization, human population growth, and agricultural intensification, which have led to the 
enhancement of the natural greenhouse effect and dramatic increases in global air temperatures. 
The combined average land and surface air temperatures from 1880 to 2012, calculated from a 
linear trend with 90% certainty, showed mean warming of 0.85°C, which ranged from 0.65 to 
1.06°C, across the globe (IPCC, 2014). This striking increase in air temperature over such a short 
period of time has evolved into the climatic variations witnessed today that scientists have 
termed global climate change. One possible solution to the ever-increasing threat of global 
climate change is the capture, conversion, and long-term storage of atmospheric CO2 as soil 
organic carbon (SOC) through a process known as soil C sequestration.  
  Natural ecosystems, such as prairies, have the ability to sequester large quantities of 
atmospheric CO2. The CO2 is subsequently transformed into complex organic forms that are 
added to the soil as SOC, which can be highly resistant to decomposition and can be stored 
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within C pools of varying half-lives in soil systems, sometimes for up to hundreds of thousands 
of years (Lal and Follett, 2009). Soil C is the largest terrestrial C pool, which has been estimated 
at 2500 Pg to a 1-m depth, and is approximately two times that of the atmospheric and biomass C 
pools combined (Lal and Follett, 2009). Accumulation of SOC is mostly reliant upon plant 
productivity and the photosynthetic process. However, SOC storage in soils is a dynamic 
process, meaning that C derived from the atmosphere ultimately cycles back to the atmosphere 
(Jastrow et al., 2007). About 70% of the C within soil organic matter (SOM) is respired by 
decomposers as CO2 back into the atmosphere, while ~ 30% is retained within the SOC pool at 
the end of a growing season (Stevenson, 1986). In an undisturbed state, tallgrass prairies are 
known to accumulate large amounts of SOC because of the deep and extensive rooting system of 
the grasses often present (Follett et al., 2001). Up to 98% of the total C stored in grassland 
ecosystems can be sequestered belowground (Hungate et al., 1997). However, as CO2 
concentrations in the atmosphere rise, some studies have indicated that C decomposition will 
increase in grassland soils and C sequestration and long-term C storage will decrease due to 
increased temperatures and microbial respiration (Hungate et al., 1997; Niklaus and Falloon, 
2006). Further research into understanding the dynamic nature of SOC storage in native prairie 
ecosystems must be conducted to determine if soils of remnant prairies sequester more C in their 
undisturbed state, or if they should be anthropologically managed to increase their C 
sequestration potential. 
 Originally, native prairies extended across vast tracts of the North American Great Plains, 
spanning over 162 million ha from Canada to Mexico and from the Rocky Mountains and 
through western Indiana. The Great Plains had three main prairie types: i) the tallgrass prairie 
stretching from Canada and Minnesota into southern Texas with isolated patches in Ohio, 
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Kentucky, and Arkansas, ii) the mixed-grass prairie extending from Canada and North Dakota 
into Texas, and iii) the shortgrass plains of western Texas and New Mexico reaching up through 
northern and eastern Montana (Steinauer and Collins, 1996). These prairie types differ by 
available moisture resulting in differential species diversity and vegetation height. 
 Native prairies in the Great Plains region were also often interwoven with forest 
vegetation and, following an increasing rainfall gradient, these prairies transitioned into smaller 
and more disjointed patches from west to east (Sampson and Knopf, 1994). Since native prairies 
historically occurred more frequently, compared to forests, in areas of limited water availability 
and relatively large evaporative demand during the growing season, prairies were more prevalent 
in the mid-western region of North America (West and Nelson, 2003). However, following 
European settlement and agricultural advancement and mechanization, almost all native prairies 
have been lost, such that only 1% of their original extent remains in the continental US, making 
the native tallgrass prairie one of the rarest and most endangered ecosystems in North America 
(NPS, 2017). 
 In a natural state, fire plays a key role in the formation and maintenance of prairies. 
Native prairies have historically been influenced by fire, either naturally by lightening or 
deliberately by Native Americans, to reduce the encroachment of woody vegetation and to 
release nutrients bound in surface litter (Steinauer and Collins, 1996). Prolonged accumulation of 
excess litter can lead to a decline in nutrient availability within a prairie ecosystem and can cause 
a decrease in productivity (Anderson, 1982). However, after burning, the soil surface and the 
resulting nutrient-rich ash may be susceptible to runoff and wind erosion, making nutrients at 
risk of being transported off-site. Another risk of burning is that nitrogen (N) is volatilized 
during a prairie fire. However, fire creates optimal conditions for N-fixating plants to thrive in 
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the short-term after burning to return N back into the ecosystem. Furthermore, removing 
aboveground litter and tallgrasses tends to exponentially and quickly increase productivity by 
reducing surface competition for solar radiation (Hulbert, 1988).  
 Native grassland soils also typically have well-developed aggregate structures, indicating 
moderate bulk densities and a large water-infiltration capacity, allowing for larger and more 
diverse microbial populations and extensive mycorrhizal hyphae networks within the soil that, in 
turn, generate large pools of sequestered SOC (Brye et al., 2008). However, these highly 
productive prairie systems are rapidly disappearing because of the desirable fertility of prairie 
soils (i.e., Mollisols and Alfisols) for cultivation purposes and to sustain human needs. In 
Arkansas, less than 0.05% of the original prairies that once spanned across the state are still 
present today (Brye and Riley, 2009). In many instances, the prairie remnants that remain 
undisturbed have low-quality soils with poor drainage and/or acidic conditions, or other 
limitations, which are not well-suited for production agriculture (Brye and Kucharik, 2003). 
Another common feature of prairie remnants is severe fragmentation that has resulted in these 
ecosystems being surrounded by high-input agroecosystems, confined animal-feeding operations, 
and/or urban areas, which has led to improper natural functioning and elevated pollutant levels in 
the soil and water systems that may lead to decreased ecosystem quality and C sequestration 
potential. As a result of severe fragmentation, many native grasslands have been invaded by 
exotic species, such as Bermudagrass (Cynodon dactylon), tall fescue (Lolium arundinaceum 
[Schreb.] Darbys.), and johnson grass (Sorghum halpense), which are known to thrive in lower-
quality soils (Brye and West, 2005).  
 Soil C sequestration rates and potential within a grassland are dependent on the same 
factors that lead to pedogenesis: parent material, climate, biota, topography, and time. However, 
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climate and biota tend to play a more significant role in the C cycle and therefore are often more 
important to the sequestration process. Precipitation is closely related to SOC accumulation, 
since greater availability of water generally promotes greater biomass production, which allows 
more C-rich plant material to be returned to the soil. However, greater precipitation in areas with 
a greater clay content, initially low SOC levels, and/or increased bulk density, could lead to 
reduced infiltration and/or percolation, potentially creating a periodically anaerobic soil 
environment that could lead to prolonged reducing conditions, decrease microbially mediated 
nutrient cycling as a result of limited SOM mineralization, and promote the loss of N via 
denitrification (Parton et al., 1987). This interaction between the physical, biological, and 
climatic factors within a soil system leads to a classification of the soil moisture regime (SMR), 
which is defined in terms of the level of soil moisture in relation to the level of seasonal presence 
or absence of water in an ecosystem (USDA-NRCS, 2010). 
 Soil formation and resulting soil properties are inextricably linked with climatic factors 
and parent material. Arkansas is unique in that the state is separated into at least two distinct 
climates and parent material sources. The northwest region of Arkansas, known as the Ozark 
Highlands [Major Land Resource Area (MLRA) 116A; USDA-SCS, 1981], is relatively warm 
and wet and dominated by deciduous forest vegetation both presently and as the climax 
vegetation community and the soil parent material is predominately cherty residuum (USDA-
SCS, 1981). The Ozark Highlands contain the remnants of the Osage Prairie, which once 
extended through south-central and southwestern Missouri, as well as northwest Arkansas 
(MDC, 2007). East-central Arkansas, in the Southern Mississippi Valley Loess [(MLRA 134); 
USDA-SCS, 1981], is an area that is also relatively warm and wet, with fertile alluvial parent 
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material sourced from the historic flooding of the Mississippi River, and contains scattered 
remnants of a tallgrass prairie, regionally referred to as the Grand Prairie (ANHC, 2002).  
 Brye and Gbur (2010) studied soil C contents in top 10 cm across physiographic regions, 
SMRs, and land uses in Arkansas. Results showed that native prairies in an aquic SMR in the 
Grand Prairie region had the largest SOC content (3.04 kg m-2) in the top 10 cm compared to 
prairie areas in a udic SMR in the Grand Prairie region (2.52 kg m-2) as well as the udic and 
aquic prairies in the Ozark Highlands (2.30 and 1.94 kg m-2, respectively; Brye and Gbur, 2010). 
Soils in an aquic SMR are classified as being saturated long enough for microbial and root 
respiration to deplete dissolved oxygen to the point of being virtually absent, leading to reducing 
conditions and greatly slowing microbial decomposition of SOM, whereas soils in a udic SMR 
are required to have, except for short periods, a three-phase system (soil-liquid-gas) in all or part 
of the soil moisture control system when the soil temperature is above 5°C (USDA-NRCS, 
2010).  
 Comparing native prairies across physiographic regions, Brye et al. (2004b) reported that 
SOM concentrations in the top 10 cm in native prairie ecosystems generally increased south and 
eastward across Arkansas, due to increasing precipitation in the Grand Prairie region compared 
to the Ozark Highlands. Brye et al. (2004b) also reported that bacterial biomass concentrations in 
the top 10 cm tended to be greater in the Ozark Highlands (182 μg g-1) compared to the Grand 
Prairie (137 μg g-1), while fungal biomass concentrations were also numerically greater (477 μg 
g-1 and 179 μg g-1, respectively). Larger bacterial and fungal biomass concentrations could result 
in more decomposition of SOM, especially by fungi, since fungi specialize in the decomposition 
of more recalcitrant C sources that bacteria are not be able to breakdown without the assistance 
of fungal enzymes.  
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 Agricultural production is one of the leading disturbances of the SOC pool because of the 
common management practice of conventional tillage (McCarl et al., 2007). Over the years, due 
to reduced C inputs and continual disturbance through conventional tillage, between 40 and 60% 
of the original SOC can be lost following the conversion of lands from tallgrass prairie to 
cultivated agriculture (Kucharik et al., 2001). The reported SOC decrease can be explained by 
the initial land conversion to non-native vegetation, followed by the rapid oxidation of SOM 
from conventional tillage and minimal vegetative cover and biomass inputs back to the soil. 
Rapid declines in SOC are due partly to the mechanical disruption of soil aggregates during 
repeated annual tillage, which exposes organo-mineral surfaces that had otherwise been 
unavailable for decomposition by microbes and the physical loss of SOC due to erosion (Post 
and Kwon, 2000). A study conducted in a chronosequence of four Typic Albaqualfs in adjacent 
fields, varying only in time under cultivation with the control as a native undisturbed tallgrass 
prairie, within the Grand Prairie region in Prairie County, Arkansas, showed an exponential 
decrease in SOC content in the top 10 cm as years under cultivation increased (Brye et al., 
2004a). 
The ecosystem-specific processes and interactions that characterize native prairie systems 
influence soil C and N sequestration and are increasingly important to understand as the global 
community searches for ways to capture and store increasing and potentially harmful levels of 
the CO2 in the atmosphere to mitigate the effects of global climate change. Native prairies are 
rapidly disappearing around the world as a result of urban and agricultural development, as well 
as from the encroachment of invasive species. Due to limited research that has been conducted in 
the southern and mid-southern US on land-use effects on soil C sequestration using direct 
measurements, it is vital to research and catalog native prairie ecosystems, particularly in the 
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warm and wet climate of Arkansas, to determine a baseline level of C and N storage and 
sequestration across various functioning grasslands using the approach of direct measurements 
over time. Baseline data can, in turn, be used as reference points for establishing best 
management practices to be used in agriculture and ecosystem restoration projects in the future 
that can maximize ecosystem services and functioning, particularly soil C and N sequestration, in 
the subsequently managed systems. Therefore, the objective of this study was to evaluate the 
effects of soil moisture regime (i.e., aquic and udic) and physiographic region on the change in 
soil C storage and other soil properties over a 15-year period. It was hypothesized that soil C and 
N storage in the top 10 cm would remain constant or slightly increase over time within the 
prairie remnants, while soil C and N storage would likely increase most under aquic soil 
moisture conditions in the Ozark Highlands region over the 15-year period. Aquic soil conditions 
were hypothesized to have greater C and N storage in the Ozark Highlands than in the other 
region and greater than in the udic SMR due to the buildup of C following periods of anaerobic 
conditions in a cooler temperature climate, which tends to decrease microbial decomposition of 
organic matter and release of C and N.  
 
Materials and Methods 
Site Description 
 Ten native prairie sites were sampled between the Ozark Highlands region (MLRA 
116A) of northwest Arkansas and the Grand Prairie region (MLRA 134, Southern Mississippi 
Valley Loess; USDA-SCS, 1981) of east-central Arkansas over a 15-year period between Fall 
2001/Spring 2002 and Summer 2016/Spring 2017. Seven of the prairie sites were located in 
Prairie and Arkansas Counties in east-central Arkansas, including the Roth, Weber, Doss, Gray 1 
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and 2, Seidenstricker, and Konecny Prairies. The remaining three sites were located in Benton 
county in northwest Arkansas, including the Searles, Chesney, and Stump Prairies (Table 1). At 
least one soil mapping unit present in each of these 10 sites was targeted for soil sampling. 
 The prairie remnants in this study were all relatively small tracts of land, with areas 
ranging from 20.1 ha for the Konecny Prairie to 2.8 ha for the Seidenstricker Prairie (Table 1). 
The vegetation present at all sites was a mixture of tallgrasses, including big bluestem 
(Andropogon gerardii Vitman), little bluestem [Schizachyrium scoparium (Michx.) Nash], 
switchgrass (Pancium virgatum L.), indiangrass [Sorghastrum nutans (L.) Nash] and also 
consisted of many forbs, including, but not limited to, downy sunflower (Helianthus mollis L.), 
purple coneflower [Echinacea purpurea (L.) Moench], black-eyed susan (Rudbeckia hirta L.) 
and goldenrod (Solidago spp.). One site in each region contained a soil-mapping unit in an aquic 
soil moisture regime (i.e., Chesney Prairie in the Ozark Highlands and Roth Prairie in the Grand 
Prairie), while the remaining soil mapping units that were sampled were in the udic soil moisture 
regime. 
 
Regional Differences 
 The Ozark Highlands (MLRA 116A; 36 to 38°N lat., 91 to 95°W long.) is a low-
elevation (i.e., ranging from 200 to 500 m), disjoint mountainous region that covers 
approximately 2.1 million ha across southwest and south-central Missouri, eastern Oklahoma, 
and northwest and north-central Arkansas (USDA-SCS, 1981; Brye and Gbur, 2010).  Cherty 
limestone residuum is the soil parent material for much of the Ozark Highlands and soils in the 
region are typically moderately deep and medium- to fine-textured Udults and Udalfs (NRCS, 
2017). The study areas are located within the Springfield Plateau, a region extending across 
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approximately 640,000 ha, consisting of smooth to irregular plains, 240 to 430 m in elevation, 
covered in prairie, hardwood forest, and acidic glade ecosystems (USDA-SCS, 1981). Prairie 
ecosystems historically covered over 30,000 ha of the Springfield Plateau.  The Chesney and 
Stump Prairie natural areas are in fact the only remaining remnants of the much larger historical 
Osage Prairie that once spanned over 4,050 ha in northwest Arkansas (Holiman et al., 2013). 
Presently, less than 0.5% of the original Osage Prairie exists, due to land-use conversion to 
pasture and hay meadows now populated with naturalized (i.e., introduced) species (Brye and 
West, 2005). 
 The Grand Prairie region (34° 0’to 35°30’N lat., 91°15’ to 92°10’W long.), located in 
east-central Arkansas within MLRA 134, covers approximately 0.5 million ha (USDA-SCS, 
1981). Soils in the Grand Prairie are typically deep to very deep with medium texture and mixed 
mineralogy (NRCS, 2017). However, the Grand Prairie is now predominantly cultivated 
agriculture that is dominated by rice (Oryza sativa), wheat (Triticum aestivum L.), and soybean 
(Glycine max) production (Brye and Gbur, 2010). Historically, before human settlement, the 
Grand Prairie was covered by approximately 130,000 ha of tallgrass prairie, however less than 
1% of the original prairie remains today, due to landuse conversion to intensively managed 
agriculture (ANHC, 2002).  
 The Ozark Highlands and Grand Prairie regions have contrasting characteristics that have 
led to variations in soils that have developed in the two regions. The soil parent materials 
underlying the remnant prairies in the Grand Prairie region are predominantly fine-textured, 
loess or loess over alluvium sourced from the Mississippi River, where the parent material 
underlying the remnant prairies in the Ozark Highlands region is characterized by primarily 
limestone and sandstone residuum. The two regions also vary by climate, where the Grand 
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Prairie region is typically warmer than the Ozark Highlands, with average annual air 
temperatures of 16.6 and 14.5°C, respectively (NCEI, 2010). The two regions vary slightly by 
estimated mean annual precipitation, where mean annual precipitation in the northwest Arkansas 
portion of the Ozark Highlands is estimated to be 115.6 cm yr-1 and the Grand Prairie region is 
reported to receive 125.6 cm yr-1 (NCEI, 2010). 
 
Soil Sampling Scheme 
 At the prairie sites, soil samples were collected in each soil map unit. All prairie sites 
were initially soil sampled between Fall 2001 and late Spring 2002. An additional set of soil 
samples were collected in all prairie sites between Summer 2016 and late Spring 2017. Soil 
particle-size analyses and other soil property assessments were conducted using the initial soil 
samples collected in 2001/2002 and reported in various previous studies (Brye, 2009; Brye and 
Gbur, 2010; Brye and West, 2005; Brye et al., 2008; Brye and Moreno, 2006; Brye et al., 
2004a,b). 
 On each of the two sample dates, soil samples were collected from the top 10 cm at each 
of five sampling points spaced 15-m apart along a 60-m transect (i.e., at 0, 15, 30, 45, and 60 m) 
in each soil map unit represented within each prairie. Samples were collected using a slide 
hammer with a 4.8-cm-diameter, stainless steel core chamber, oven-dried at 70°C for 48 hours 
and weighed for bulk density (BD) determinations. Samples were then crushed and sieved to 
pass through a 2-mm mesh screen for soil chemical property determinations, including total C 
(TC) and N (TN), SOM, electrical conductivity (EC), and pH. Total C and N concentrations 
were determined by high-temperature combustion (Elementar Variomax CN Analyzer, 
Elementar Americas, Inc, Mt. Laurel, NJ). Since no soil among the various sampled sites 
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effervesced upon treatment with dilute hydrochloric acid, all measured soil C was assumed to be 
organic C. Soil organic matter concentration was measured by weight-loss-on-ignition after 2 hr 
at 360°C. Soil EC and pH were determined potentiometrically using an electrode in a 1:2 
(wt/vol) soil-to-water paste. The soil C:N ratio and fraction of C and N within the SOM were 
calculated for each soil sample based on measured TC, TN, and SOM concentrations. Total C, 
TN, and SOM contents (kg ha-1) were calculated, and used for subsequent data analyses, for each 
soil sample using measured concentrations (g kg-1), measured soil bulk densities, and the 10-cm 
depth interval. 
 
Statistical Analyses 
 Based on a completely random design following previous similar studies (Brye, 2009; 
Brye and Gbur, 2010; Brye and Gbur, 2011; Brye and Moreno, 2006; Brye et al., 2008), a two-
factor analysis of variance (ANOVA) was conducted using SAS 9.4 (SAS Institute, Inc., Cary, 
NC) to evaluate the effect of physiographic region (i.e., Ozark Highlands and Grand Prairie), 
separately by soil moisture regime (i.e., udic and aquic), on changes in soil BD, pH, EC, SOM, 
TC and TN storage, C:N ratio, and TC and TN fractions of SOM in the top 10 cm over time. On 
a sample-by-sample basis according to the sequence along the transect, measured or calculated 
values from the 2001/2002 sampling were subtracted from those from the 2016/2017 sampling 
and the differences were divided by the fractional number of years between samplings (~15 
years). Consequently, positive difference represented and increase, while negative differences 
represented a decrease over time. The differences in TC and TN over time represented the soil C 
and N sequestration rates. Significance was judged at P < 0.05. When appropriate, means were 
separated by least significance difference (LSD) at the 0.05 level.  
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Results and Discussion 
Direct assessment of soil property change after substantial time lapse is a valuable, but 
challenging approach for numerous reasons. Often times, change-over-time data are unable to be 
formally statistically evaluated because of how the sampling was conducted at the different time 
periods. For example, soil C sequestration rates can be calculated from numeric differences in 
mean soil C contents between two-time periods, but it is often unknown whether the numeric 
increase in soil C over time is real (i.e., statistically significant) or not. The sampling 
methodology used in this study allowed for actual statistical evaluation of soil property changes 
over time.  
 
Soil Property Changes Over Time 
In this study, most of the soil property differences measured in the top 10 cm over a 
period of 15 years from 2001/2002 to 2016/2017 were unaffected (P > 0.05) by physiographic 
region and soil moisture regime, with the exception of bulk density, TC content, C:N ratio, and 
the TC fraction of SOM (Table 2). Changes in soil BD (P = 0.01), TC content (P = 0.01), and 
C:N ratio (P < 0.01) over the 15-year period differed among physiographic regions (Table 2). In 
addition, the change in soil BD (P = 0.05) differed over time between soil moisture regimes and 
the TC fraction of SOM differed over time between soil moisture regimes within physiographic 
regions (Table 2). 
The TC fraction of SOM in the top 10 cm increased over time in all four region-SMR 
treatment combinations, but increased the most under the aquic soil moisture regime in the Ozark 
Highlands region, while the increase was similar among the other three region-SMR 
combinations (Table 3; Figure 1). The greater increase in TC fraction of SOM over time under 
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the aquic compared to the udic soil moisture regime was likely due to extended periods of greater 
soil moisture levels and anaerobic conditions leading to reduced soil respiration and a buildup of 
C within the SOM pool. Soil respiration has often been shown to display a quadratic relationship 
with soil moisture, where soil respiration generally increases up to an optimal soil moisture level, 
of 50 to 60% water-filled pore space, and then decreases thereafter as soil moisture continues to 
increase and oxygen becomes too limited to allow for optimal microbial activity (Parton et al., 
1993; Jastrow et al., 2007; Brye et al., 2016). Furthermore, the Ozark Highlands may contain a 
greater abundance of cool-season C3 grasses, due to the difference in regional air temperatures, 
compared to warm-season C4 grasses, which may be more dominant in the warmer Grand Prairie 
region. When comparing C3 and C4 grasses, C4 grasses have on occasion been demonstrated to 
produce inherently lower SOC sequestration potential per unit of productivity, which might be 
attributable to differences in lignin content, or other more recalcitrant organic compounds, and/or 
mean particle sizes of the organic compounds produced by the differing photosynthetic pathways 
(Wynn and Bird, 2007). However, a comprehensive plant analysis would need to be conducted 
on these study sites to confirm if there is indeed a dominance of either grass species in these 
regions and whether the diversity in plant population is affecting soil C storage in these 
ecosystems.  
Somewhat similar to the TC fraction of SOM, averaged across soil moisture regime, soil 
bulk density in the top 10 cm increased over time in the Ozark Highlands region (0.004 g cm-3 
yr-1), but did not change over time in the Grand Prairie (Table 3). In both regions, remnant prairie 
fragments are managed to some small degree with periodic prescribed burns and occasional 
mowing followed by vegetation removal. However, the Ozark Highlands sites were burned more 
frequently than the Grand Prairie sites, while the Grand Prairie sites were mowed and had 
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aboveground biomass removed more frequently than the Ozark Highland sites. Therefore, is 
likely that prescribed burning, which, based on direct visual observation at the sites, removed a 
greater proportion of aboveground vegetation than did vegetation removal after mowing, 
promoted some settling of the soil surface from rainfall impact with the first few weeks after 
burning to result in slightly reduced porosity, thus increased bulk density. Brye et al. (2004b), 
who analyzed soil quality differences in native tallgrass prairies on fine-textured soils within the 
Grand Prairie and Ozark Highlands regions, concluded that bulk densities in the top 10 cm did 
not differ between physiographic regions when the prairies were first sampled in 2001 and 2002. 
Though the magnitudes of change in soil bulk density recorded in this study over a 15-yr period 
were small, even small changes in soil bulk density can have a large impact on nutrient storage in 
the soil, particularly if soil nutrient concentrations do not change over time. 
Averaged across physiographic regions, soil bulk density in the top 10 cm also increased 
in the aquic, but did not change over time in the udic soil moisture regime (Table 3). It is likely 
that the longer duration of wetter soil conditions in the aquic compared to the udic SMR 
facilitated a soil settling effect, such that the porosity decreased some, while the bulk density 
increased.  In a study comparing landuse and SMR effects between the Ozark Highlands and the 
Grand Prairie regions among silt-loam-textured soils, Brye and Gbur (2010) demonstrated that 
soil bulk density decreased by 0.07 and 0.16 g cm-3, between 2001 and 2007, in the aquic-native 
prairie combinations for both the Ozark Highlands and the Grand Prairie regions, respectively, 
while bulk density did not change in the udic-native prairie combination in the Grand Prairie, 
despite decreasing by 0.14 g cm-3 in the Ozark Highlands. Brye and Gbur (2010) attributed the 
results to greater belowground root biomass production in the aquic soil moisture regime under 
the contention that vegetation would have more frequent access to readily available soil water 
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and therefore stimulate growth. Consequently, greater root biomass production in the same 
volume of soil would then result in a lower soil bulk density. 
Though TC concentrations did not change over time (Table 4), TC content in the top 10 
cm decreased over time in the Grand Prairie (-0.23 Mg ha-1 yr-1), while TC content did not 
change over time in the Ozark Highlands (Table 3). Considering soil elemental or nutrient 
contents are a product of their concentration and the soil bulk density, the combination of 
numeric, though not significant, decreases in both TC concentration (Table 4) and soil bulk 
density (Table 3) in the Grand Prairie resulted in an overall small loss of soil C in the top 10 cm 
over the 15-yr study period in the Grand Prairie, with no substantial change in soil C content in 
the Ozark Highlands. A loss of C from the top 10 cm could be the result of increased oxidation 
of SOM with subsequent CO2 respiration losses to the atmosphere or the result of C translocation 
deeper into the soil profile below the 10-cm depth.  
Brye and Gbur (2010) demonstrated that, averaged across landuse and soil moisture 
regime, SOC content in the top 10 cm decreased by 0.4 Mg SOC ha-1 yr-1 in the Grand Prairie, 
between 2001 and 2007, but increased by 0.5 Mg SOC ha-1 yr-1 in the Ozark Highlands during 
the same time period. Brye and Gbur (2010) attributed the results to the regional climate 
differences, with emphasis given to the Grand Prairie region, which typically experiences longer 
durations of warmer temperatures, which stimulate microbial activity and lead to greater 
microbially mediated SOM decomposition, hence greater CO2 emissions from respiration. 
Contrary to the results of this study, Brye et al. (2004a) reported an increase in SOC within the 
top 10 cm of a native prairie in the Grand Prairie during a 14-yr period, from the same 
Seidenstricker site used in this study, where SOC concentration and content increased at an 
approximate rate of 0.49% SOC yr-1 and 0.46 Mg SOC ha-1 yr-1. Brye and Gbur (2011) reported 
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that, on average, SOC increased by 0.13 Mg SOC ha-1 yr-1 in the top 10 cm of native prairies 
between 2001/02 and 2008 in the Ozark Highlands. 
 A meta-analysis study of global soil C sequestration rates among a variety of landuses 
from native undisturbed grasslands to poorly managed rangelands reported changes in SOC 
storage to range from 0 to approximately 8 Mg SOC ha-1 yr-1 with soil study depths ranging from 
0-15- and 0-30 cm (Jones and Donnelly, 2004). The results of the present study, which only 
assessed the top 10 cm of the soil profile, where the average soil C sequestration rates in the 
Ozark Highlands and Grand Prairie regions were 0.19 and -0.23 Mg SOC ha-1 yr-1, respectively, 
fall within the lower range of this global scale (Table 3). Contrary to the results of the present 
study, Brye et al. (2004a) reported that, in the same native prairie at the Seidenstricker site used 
in this study, SOC concentration and content increased in the top 10 cm of soil by 0.49% SOC 
and 6.4 Mg SOC ha-1, between 1987 and 2001. Brye and Gbur (2010) also reported that landuse 
differences in SOC content change over time, averaged across physiographic region, equated to 
SOC sequestration rates of 0.4 and -0.3 Mg ha-1 yr-1 in the top 10 cm of the native prairie and 
agricultural landuse, respectively.  
The loss of SOC by the conversion of natural vegetation to cultivated landuse, as well as 
the continued loss of SOC as duration under cultivation increases, is well known, despite varying 
results in previous studies due to regional factors such as soil texture, cropping system, residue 
management, and climate (Post and Kwon, 2000; Lal, 2004a; Lal, 2004b; Wright and Hons, 
2005; McCarl et al., 2007). A study conducted across Texas (e.g., Bushland, Temple, and Corpus 
Christi) determined the relationship between SOC sequestration and average annual air 
temperature was stronger (r2 = 0.99) than with rainfall (r2 = 0.40), where SOC decreased by 0.17 
Mg ha-1 yr-1 for every degree increase in annual air temperature, while SOC only decreased by 
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0.0023 Mg ha-1 yr-1 as rainfall increased (Potter et al., 1998). Potter et al. (1998) also concluded 
that SOC sequestration is often greater in cooler climates, which substantiates the numeric soil C 
increase in the slightly cooler Ozark Highlands compared to the significant soil C decrease in the 
slightly warmer Grand Prairie region; however, it was acknowledges that predictions of SOC 
sequestration rates based upon moisture level and annual rainfall were more difficult to 
determine. 
Similar to soil bulk density, averaged across soil moisture regime, the soil C:N ratio 
increased over time by more than a factor of five in the Ozark Highlands (0.21 yr-1) compared to 
that in the Grand Prairie (0.04 yr-1), in which both C:N ratio changes over time were greater than 
zero (Table 3). This result demonstrates that, in both regions, the soil C concentration increased 
more than the soil N concentration over the 15-yr time period, indicating that the near-surface 
soil C and N dynamics were not in equilibrium. An increase in the C:N ratio of a soil can also be 
attributed to a shift in the plant community hosted within an ecosystem and the potential 
encroachment of woody species that consist of more recalcitrant C compounds. In contrast to the 
results of this study, Brye and Gbur (2010) concluded that the soil C:N ratio increased between 
2001 and 2007, but only under agricultural landuse in the Grand Prairie and that the soil C:N 
ratio did not change over time under native prairie landuse in the Grand Prairie and the Ozark 
Highlands, as well as under agricultural landuse in the Ozark Highlands. However, Brye and 
Gbur (2011) showed that, in a separate comparison of management effects on grasslands in the 
Ozark Highlands, the soil C:N ratio increased on average by 3.6% in the fine-textured soils 
between 2001/02 and 2008. The comparison of results between the current and previous studies 
in the Ozark Highlands and Grand Prairie regions highlights the difficulty in interpreting and 
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predicting C and N storage, especially in native ecosystems, due to the multi-faceted nature of 
the systems that determine soil C and N storage rates and sequestration capacities.  
Despite differences in the change in soil C:N ratio over time between physiographic 
regions, changes in TN content and concentration and the TN fraction of SOM were unaffected 
by physiographic region or soil moisture regime over the 15-yr sampling period. In contrast to 
the results of this study, Brye and Gbur (2010) reported that TN content increased over time at a 
rate of 0.04 Mg ha-1 yr-1 in the top 10 cm of soil between 2001 and 2007 in the Ozark Highlands, 
but decreased at the same rate in the Grand Prairie. Increased TN within the available above- and 
belowground biomass and the resulting SOM, especially in N-limited ecosystems such as native 
prairies, can lead to increased microbial decomposition and therefore loss of C and N within the 
soil until periods of anaerobic conditions or cooler temperatures slow down the decomposition 
process to resulting in an accumulation of SOC. Brye and Gbur (2011) reported that TC and TN 
fractions of SOM did not change over time in the Ozark Highlands, whereas the difference in 
results compared to the present study could be attributable to the shorter sampling period of only 
seven years use by Brye and Gbur (2011) compared to the longer 15-yr sampling period used in 
this study. Soil C sequestration rates and SOM, TC, and TN storage were expected to vary 
between the Grand Prairie and Ozark Highlands regions based on the wide range of results from 
previous studies conducted at these site (Brye et al., 2004a; Brye et al., 2004b; Brye and Gbur, 
2010; Brye and Gbur, 2011). Differences between studies conducted previously at these sites 
could stem from variations in sampling and analytical methods over time, however differences 
are more likely the result of actual changes over time, identified by direct measurements, over 
the longer period (i.e., 15 years) in this study instead of using regression analyses or linear 
 58 
 
relationships and shorter study periods (i.e., ≤ 8 years) that were used in several of the previous 
studies (Brye et al., 2004a,b; Brye and Gbur, 2011, 2011). 
Similar to TN properties, soil pH and EC changes over time in the top 10 cm were 
unaffected by region or soil moisture regime (P > 0.05; Table 2) and averaged -0.003 yr-1 and 
0.001 dS m-1 yr-1, respectively across both regions and soil moisture regimes (Table 3). With 
consistent vegetation and minimal management practices imposed over time, it was not 
surprising that soil pH and EC did not change over time nor were changes over time affected by 
region or soil moisture regime. Brye et al. (2004b) concluded soil pH did not vary between 
physiographic regions, however soil EC was significantly greater in the Grand Prairie than in the 
Ozark Highlands. Brye et al. (2004b) attributed the difference in soil EC to climate differences 
between the regions more than to the parent material differences, due to similarities in clay 
contents and plant communities that would minimize the effects of any inherent differences in 
soil fertility.  
 
Soil Properties Differences after 15 Years 
  While four of nine measured soil properties in the top 10 cm were unaffected, the other 
five were affected by physiographic region, soil moisture regime, or their interaction, based on 
the 2016/2017 sampling only, after 15 years of natural time progression. Soil pH (P = 0.04), 
SOM concentration (P =0.04), and N (P < 0.01) and C (P = 0.02) fractions of SOM all differed 
between regions within soil moisture regime (Table 5). In addition, SOM content (P < 0.01) and 
TC concentration (P = 0.01) and content (P = 0.02) differed between soil moisture regimes 
(Table 5).  
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 Based on the 2016/2017 sampling only, after 15 years of natural progression, soil pH, 
was greater in the Ozark Highlands within the udic soil moisture regime (pH = 4.9; Table 6) than 
in the Grand Prairie within the udic soil moisture regime (pH = 4.6; Table 6), while the other two 
region-SMR treatment combinations were intermediate and did not differ (Figure 2). Similarly, 
SOM concentration was greater in the Ozark Highlands under the udic soil moisture regime 
(4.96%; Table 7) than in the other three region-SMR treatment combinations. Soil OM 
concentration was also greater under both soil moisture regimes in the Grand Prairie, which did 
not differ, than in the Ozark Highlands under the aquic soil moisture regime (Figure 2). The N 
and C fractions of SOM were both greater under the aquic soil moisture regime within the Ozark 
Highlands (5.06 and 63.5%, respectively) than in the other three region-soil moisture regime 
combinations, which did not differ (Table 6; Figure 2).  
In contrast to the results of this study, Brye and Gbur (2010) reported greater SOM, TN, 
and TC contents under native prairie landuse in the Grand Prairie, citing warmer and wetter 
annual climatic conditions that would promote greater belowground root biomass and OM, N, 
and C inputs compared with the Ozark Highlands. Similarly, Brye et al. (2004b) concluded that 
SOM and SOC concentrations and C:N ratio were at least numerically greater in the Grand 
Prairie than in the Ozark Highlands. However, Brye et al. (2004b) also reported that, based on a 
significant linear relationship, both TN and TC increased with increasing SOM concentration 
faster in the Ozark Highlands than in the Grand Prairie, indicating a potential difference in the 
quality of substrate being stored in both regions. Another explanation for variation in results 
could be attributed to differences in the frequency and types of grassland management 
techniques, such as mowing or burning, in the two regions and would be a valuable influence to 
characterize in subsequent studies of the same sites as used in this present study. Brye (2006) 
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concluded that SOM, TN, TC, and C:N ratio all increased following 12 years of annual burning 
of the Seidenstricker tallgrass prairie in the Grand Prairie region. However, results of the study 
also indicated that several essential plant nutrients, such as P, K, Mg, S, Zn, Fe, and Mn, all 
decreased following the 12-yr cycle of annual burning and Brye (2006) determined that annual 
prescribed burning may be too frequent to maintain optimal ecosystem functioning. A study 
conducted on the effects of vegetation removal by mowing/haying on soil quality in the Konecny 
Prairie within the Grand Prairie region of east-central Arkansas determined SOM concentration 
in the top 10 cm was greatest in the treatment with the intermediate duration of annual haying 
compared to the prairie areas that had undergone annual haying for the longest duration and 
those that were undergoing current haying at the time of the study (Brye and Moreno, 2006).  
Contrary to the hypothesis that SOM and TC would accumulate more in wetter soil 
conditions (i.e., the aquic soil moisture regime) than in the more well-drained udic soil moisture 
regime, averaged across physiographic region, SOM and TC contents, as well as TC 
concentration, were all greater in the udic than in the aquic soil moisture regime, (Table 6). 
However, somewhat similarly, Brye et al. (2016) concluded the relationship between soil 
respiration and soil moisture related environmental parameters was more complex than what a 
single, complete quadratic model could determine when attempting to characterize the 
relationship between soil respiration, physiographic regions, and soil moisture regimes in 
Arkansas.  
The contrasting results based on only a single soil sampling in time compared to 
sampling multiple times over an extended period underscore the importance of assessing soil 
properties by direct measurement over the long-term. For example, despite soil C contents being 
greater under udic than under aquic conditions based on a single measurement in time (Table 6), 
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does not mean that soil C content is changing over time, in either direction (i.e., increasing or 
decreasing), more in a udic than in an aquic soil moisture regime, as was clearly demonstrated 
with the results of this study. Solid evidence of changes over extended periods of time, based on 
direct measurements, are needed to make the most informed decisions for future land 
management and/or restoration activities. The direct assessments of changes in near-surface soil 
C and N over the extended 15-yr period in this study provide a useful baseline that can be used to 
help guide future decisions about how best to manage various landuses and what can potentially 
be expected from either continued altered management.   
 
Conclusions 
Changes in near-surface soil C and N and related properties, assessed by direct 
measurement, over a 15-year period in silt-loam soils in Arkansas clearly were affected by 
physiographic region and soil moisture regime. As expected, averaged across soil moisture 
regime, SOM and TN concentration and content and TC concentration in native tallgrass prairies 
in Arkansas did not change over time, indicating some degree of equilibrium exists in the less-
disturbed, more natural native prairie ecosystems evaluated in this study. However, the Grand 
Prairie region experienced a measurable loss of soil C content, which was at least partially the 
result of severe fragmentation of the remnant prairie ecosystems in the Grand Prairie. 
Results of this study demonstrate how the combination of climate and soil parent 
material, which constituted the major differences between physiographic regions that were 
investigated in this study, can have a large influence on SOM, C, and N storage and change over 
time. Despite differing soil moisture regimes within the two regions, physiographic region 
clearly had a greater influence than soil moisture regime, as evidenced by more soil property 
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changes over time evaluated in this study differing between regions when averaged across soil 
moisture regime than differed between soil moisture regimes when averaged across regions. 
However, soil moisture regime had a greater influence than physiographic region on soil 
properties assessed most recently in 2016/2017 based on a single temporal measurement.  
Results also showed that more numerous differences between regions and soil moisture 
regime were identified when only a single measurement set in time was considered compared to 
much fewer differences between regions and soil moisture regime recognized when assessing 
change over time based on direct measurements. In the absence of direct measurements, any 
inferences drawn about temporal trends in soil properties, particularly those like SOM, C, and N, 
that are key to improving understanding about the effects of rising mean annual air temperatures, 
rising atmospheric greenhouse gas concentrations, and global climate change in general must be 
tempered with numerous caveats because those inferences could be misleading. 
Many types of ecosystems, especially native prairies, are resilient and conditioned to 
resist change. Though inconvenient for numerous reasons, direct measurement over time in long-
term studies, as were conducted in this study, perhaps offers the most appropriate methodology 
to assess temporal variation in soil properties and ecosystem characteristics towards 
understanding global climate change. Therefore, long-term, direct-measurement studies should 
be maintained and expanded to increase the accuracy of cataloguing important ecosystem 
processes and functions, such as soil C sequestration and other beneficial soil properties, 
particularly in disappearing native prairie ecosystems in Arkansas and elsewhere. The results of 
longer-term studies will provide more useful and effective guidance for rehabilitating and/or 
restoring areas of degraded land and/or minimally productive agricultural land. Ecosystem 
restoration projects may not only increase soil health and sustainability, but, by applying similar 
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restoration principles to agricultural lands, productivity may also increase and collectively 
contribute to slowing, or potentially reversing, the global threat of rising greenhouse gas 
concentrations in the atmosphere and climate change.   
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Appendix 
Table 1. Summary of native tallgrass prairie site characteristics by geographic region. 
Region Site 
Area 
(ha)† Soil Series 
Soil Taxonomic 
Description 
Soil 
Moisture 
Regime 
Slope 
(%) 
Ozark 
Highlands 
Chesney (C1) 24 Jay Oxyaquic Fragiudalf Udic 2 
Chesney (C2)  Taloka Mollic Albaqualf Aquic 1 
Searles (SeP1) 4 Cherokee Typic Albaqualf Udic 2 
Searles (SeP2)  Jay Oxyaquic Fragiudalf Udic 1 
Stump (StP) 4 Jay Oxyaquic Fragiudalf Udic 1 
Grand 
Prairie 
 
 
Roth (RP1) 16.6 Stuttgart‡ Albaquultic Hapludalf Udic 0 
Roth (RP2)  Stuttgart‡ Albaquultic Hapludalf Udic 1 
Roth (RP3)  Ethel Typic Glossaqualf Aquic 1 
Weber (WB) 6.1 Stuttgart‡ Albaquultic Hapludalf Udic 2 
Doss (DP) 6.1 Calloway Aquic Fraglossudalf Udic 1 
Gray 1 (GP1) 8.1 Dewitt Typic Albaqualf Aquic 0 
Gray 2 (GP2) 6.1 Immanuel Oxyaquic Glossudalf Udic 1 
Seidenstricker 
(SP) 2.8 Dewitt Typic Albaqualf Aquic 
0 
Konecny (K1) 20.1 Stuttgart Albaquultic Hapludalf Udic 0 
Konecny (K2)  Immanuel‡ Oxyaquic Glossudalf Udic 0 
Konecny (K3)  Calloway Aquic Fraglossudalf Udic 0 
Konecny (K4)  Stuttgart Albaquultic Hapludalf Udic 0 
Konecny (K5)  Immanuel‡ Oxyaquic Glossudalf Udic 0 
Konecny (K6)  Calloway Aquic Fraglossudalf Aquic 0 
Konecny (K7)  Dewitt‡ Typic Albaqualf Aquic 0 
Konecny (K8)  Dewitt‡ Typic Albaqualf Aquic 0 
Konecny (K9)  Calloway Aquic Fraglossudalf Aquic 0 
† Indicates total area of prairie not the soil mapping unit area. 
‡ These soil series were recorrelated by the Natural Resource Conservation Service after 2002 
and were changed from Grenada to Stuttgart, Loring to Immanuel, and Crowley to Dewitt (Brye 
and Pirani, 2005; Brye and Moreno, 2006). 
  
 69 
 
Table 2. Analysis of variance summary of the effects of region, soil moisture regime, and their 
interaction on the change in soil bulk density, pH, electrical conductivity, organic matter, total 
nitrogen (N), and total carbon (C) concentration and content, C:N ratio, and the N and C 
fractions of soil organic matter in the top 10 cm over a 15-year period among native tallgrass 
prairies in Arkansas.  
 
Soil Property Region SMR Region x SMR 
 ________________________ P ________________________ 
Bulk Density (g cm-3 yr-1) 0.01 0.05 0.13 
pH (yr-1) 0.42 0.85 0.56 
Electrical Conductivity (dS m-1 yr-1) 0.31 0.18 0.14 
Soil Organic Matter (% yr-1) 0.35 0.15 0.40 
Soil Organic Matter (Mg ha-1 yr-1) 0.06 0.36 0.68 
Total Nitrogen (% yr-1) 0.56 0.38 0.89 
Total Nitrogen (Mg ha-1 yr-1) 0.93 0.63 0.57 
Total Carbon (% yr-1) 0.05 0.73 0.66 
Total Carbon (Mg ha-1 yr-1) 0.01 0.96 0.40 
C:N ratio (yr-1) < 0.01 0.22 0.76 
Total Nitrogen in Organic Matter (% yr-1) 0.29 0.48 0.06 
Total Carbon in Organic Matter (% yr-1) < 0.01 0.02 < 0.01 
 
 
  
Table 3. Summary of mean soil property changes by treatment (i.e., region, soil moisture regime, and their interaction) over a 15-year 
sampling period for soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total 
carbon (TC), C:N ratio, and the N (N/SOM) and C (C/SOM) percentages of SOM in the top 10 cm among native tallgrass prairies  
under either an aquic (AQ) or udic (UD) soil moisture regime in the Grand Prairie (GP) region of east-central Arkansas and the Ozark 
Highlands (OZH) region of northwest Arkansas. 
 
Treatment 
Soil Properties 
BD pH EC SOM TN TC C:N N/SOM C/SOM 
g cm-3  
yr-1 
yr-1 
dS m-1 
yr-1 
Mg ha-1 
yr-1 
Mg ha-1 
yr-1 
Mg ha-1 
yr-1 
yr-1 % yr-1 % yr-1 
Region 
  Grand Prairie -0.001b  -0.005 0.001 -0.69 -0.02 -0.23b* 0.04b* 0.00 0.19* 
  Ozark Highlands 0.004a* -0.001 0.001 -0.26 -0.02 0.19a 0.21a* -0.01 0.81* 
Soil Moisture Regime 
  Aquic 0.003a* -0.002 0.002 -0.58 -0.03 -0.02 0.14 0.00 0.70* 
  Udic < 0.001b -0.003 0.001 -0.37 -0.02 -0.02 0.10 -0.01 0.31* 
Region x Soil Moisture Regime 
  GP-AQ < -0.001 -0.003 0.001 -0.74 -0.03 -0.28 0.05 -0.01 0.10b* 
  GP-UD -0.001 -0.007 0.001 -0.63 -0.02 -0.17 0.02 0.01 0.28b* 
  OZH-AQ 0.007 -0.002 0.002 -0.41 -0.02 0.25 0.23 0.01 1.29a* 
  OZH-UD 0.001 < 0.001 < 0.001 -0.12 -0.02 0.12 0.18 -0.03 0.33b* 
† Different lower case letters for a soil property within a treatment category indicates a significant difference (P < 0.05) 
* An asterisk indicates the mean value is different than 0 (P < 0.05) 
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Table 4. Summary of mean soil property changes by treatment (i.e., 
region, soil moisture regime, and their interaction) over a 15-year  
period for soil organic matter (SOM), total nitrogen (TN),  
total carbon (TC) concentrations in the top 10cm among native 
tallgrass prairies under either an aquic (AQ) or udic (UD) soil 
moisture regime in the Grand Prairie (GP) region of east-central 
Arkansas and the Ozark Highlands (OZH) region of northwest 
Arkansas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Soil Properties 
Treatment 
SOM 
(% yr-1) 
TN 
(% yr-1) 
TC 
(% yr-1) 
Region    
Grand Prairie -0.06 -0.002 -0.02 
Ozark Highlands -0.04 -0.003  0.01 
Soil Moisture Regime 
Aquic -0.07 -0.003  -0.002 
Udic -0.03 -0.002 -0.02 
Region x Soil Moisture Regime 
GP-AQ -0.07 -0.003 -0.02 
GP-UD -0.05 -0.001 -0.01 
OZH-AQ -0.07 -0.003  0.01 
OZH-UD -0.01 -0.002  0.009 
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Table 5. Analysis of variance summary of the effects of region, soil moisture regime (SMR), and 
their interaction on soil bulk density, pH, electrical conductivity, organic matter, total nitrogen 
(N), and total carbon (C) concentration and content, C:N ratio, and the N and C fractions of soil 
organic matter in the top 10 cm among native tallgrass prairies in the Grand Prairie and Ozark 
Highland regions of Arkansas from the 2016/2017 sampling only. 
 
Soil Property Region SMR Region x SMR 
 ________________________ P ________________________ 
Bulk Density (g cm-3) 0.07 0.15 0.28 
pH  0.06 0.30 0.04 
Electrical Conductivity (dS m-1) 0.16 0.39 0.88 
Soil Organic Matter (%) 0.93 < 0.01 0.04 
Soil Organic Matter (Mg ha-1) 0.51 < 0.01 0.07 
Total Nitrogen (%) 0.32 0.07 0.64 
Total Nitrogen (Mg ha-1) 0.11 0.12 0.97 
Total Carbon (%) 0.23 0.01 0.28 
Total Carbon (Mg ha-1) 0.07 0.02 0.46 
C:N ratio  0.77 0.10 0.09 
Total Nitrogen in Organic Matter (%) 0.01 0.01 < 0.01 
Total Carbon in Organic Matter (%) < 0.01 0.15 0.02 
 
  
  
 
Table 6. Summary of mean soil properties by treatment (i.e., region, soil moisture regime, and their interaction) for soil bulk density 
(BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total carbon (TC), C:N ratio, and the N 
(N/SOM) and C (C/SOM) percentages of SOM in the top 10 cm among native tallgrass prairie from the 2016/2017 sampling only 
under either an aquic (AQ) or udic (UD) soil moisture regime in the Grand Prairie (GP) region of east-central Arkansas and the Ozark 
Highlands (OZH) region of northwest Arkansas. 
 
Treatment 
Soil Properties 
BD pH EC SOM TN TC C:N N/SOM C/SOM 
g cm-3  dS m-1 Mg ha-1 Mg ha-1 Mg ha-1  % % 
  Region 
  Grand Prairie 1.07 4.7 0.106 44.3 1.79 23.2 13.1 3.97 51.5 
  Ozark Highlands 1.11 4.8 0.093 46.0 2.00 26.4 13.2 4.51 59.1 
Soil Moisture Regime 
  Aquic 1.11 4.7 0.103 40.6b 1.79 22.8b 12.8 4.48 56.9 
  Udic 1.07 4.8 0.095 49.8a 2.00 26.8a 13.5 4.00 53.7 
Region x Soil Moisture Regime 
   GP-AQ 1.07 4.7ab† 0.110 42.1 1.68 21.9 13.1 3.90b 50.4b 
   GP-UD 1.07 4.6b 0.101 46.5 1.89 24.6 13.1 4.04b 52.6b 
   OZH-AQ 1.14 4.7ab 0.096 39.1 1.89 23.8 12.5 5.06a 63.5a 
   OZH-UD 1.08 4.9a 0.089 53.0 2.11 29.0 13.9 3.96b 54.7b 
 † Different lower case letters for a soil property within a treatment category indicates a significant difference (P < 0.05) 
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Table 7. Summary of mean soil properties by treatment (i.e., region, soil moisture regime, and 
their interaction) for soil organic matter (SOM), total nitrogen (TN), total carbon (TC) 
concentrations in in the top 10 cm among native tallgrass prairies from the 2016/2017 sampling 
only under either an aquic (AQ) or udic (UD) soil moisture regime in the Grand Prairie (GP) 
region of east-central Arkansas and the Ozark Highlands (OZH) region of northwest Arkansas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 † Different lower case letters for a soil property within a treatment category  
indicates a significant difference (P < 0.05) 
  
 Soil Properties 
Treatment 
SOM 
(%) 
TN 
(%) 
TC 
(%) 
Region    
Grand Prairie 4.17 0.17 2.19 
Ozark Highlands 4.20 0.18  2.40 
Soil Moisture Regime 
Aquic (AQ) 3.69 0.16  2.07b 
Udic (UD) 4.68 0.19 2.52a 
Region x Land-use 
GP-AQ 3.95b† 0.16 2.07 
GP-UD 4.39b 0.18 2.32 
OZH-AQ 3.43c 0.17 2.09 
OZH-UD 4.96a 0.20 2.72 
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Figure 1. Region-soil moisture regime effects on total carbon percentage of soil organic matter 
(C/SOM) in the top 10 cm over the 15-yr sampling period among native tallgrass prairies under 
either an aquic or udic soil moisture regime in the Grand Prairie (GP) region of east-central 
Arkansas and the Ozark Highlands (OZH) region of northwest Arkansas. Different capital letters 
indicate a difference (P < 0.05) among all treatment means. An asterisk (*) indicates the mean 
value is different than 0 (P < 0.05). 
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Figure 2. Region-soil moisture regime effects on soil pH and soil organic matter (SOM), total 
nitrogen percentage of SOM (N/SOM), and total carbon percentage of SOM (C/SOM) in the top 
10 cm from the 2016/2017 sampling only among native tallgrass prairies under either an aquic or 
udic soil moisture regime in the Grand Prairie (GP) region of east-central Arkansas and the 
Ozark Highlands (OZH) region of northwest Arkansas. Different capital letters indicate a 
difference (P < 0.05) among all treatment means. 
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Appendix A. This appendix contains an example of the SAS program used to analyze soil 
property response to physiographic region and soil moisture regime.              
             
 
data OBJ1COT; 
 infile 'E:\Thesis\SAS\Objective 1 Change over Time.csv' firstobs = 2 
delimiter = ","; 
 input Region $ Site $ Series $ SMR $ BD pH EC P K Ca Mg Sul Na Fe Mn Zn Cu 
OM TN TC CNR TNOM TCOM ; 
 label Region = 'Region’ 
   SMR = 'Soil Moisture Regime' 
   BD = 'Bulk Density (g/cm3)' 
   pH = 'pH' 
   EC = 'Electrical Conductivity' 
   OM = 'Organic Matter' 
   TN = 'Total N (%)' 
   TC = 'Total C (%)' 
   CNR = 'C:N Ratio' 
   TNOM = 'Total nitrogen within organic matter' 
   TCOM = 'Total carbon within organic matter' 
 
run; 
 
proc sort data = OBJ1COT; by SMR ; 
quit; 
 
 
proc print data = OBJ1COT ;  
quit ; 
 
title2 'Bulk Density'; 
proc mixed data = OBJ1COT method = type3; 
  class  Region SMR; 
  model BD =  
    Region 
    SMR 
 Region*SMR / ddfm=kenwardroger 
; 
lsmeans Region / diff ; 
lsmeans SMR / diff ; 
lsmeans Region*SMR / diff ; 
quit; 
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Chapter Three 
Landuse and physiographic region effects on soil carbon and nitrogen sequestration in 
Arkansas 
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Abstract 
Increasing understanding of soil carbon (C) sequestration dynamics and general 
functioning in disappearing native grassland ecosystems, as well as the effects of landuse 
conversion to agricultural management on soil properties of native grassland ecosystems, has the 
potential to enhance soil rehabilitation and ecosystem restoration. The objective of this study was 
to evaluate the effects of landuse (i.e., native tallgrass prairie and managed agriculture) and 
physiographic region (i.e., Ozark Highlands of northwest Arkansas and Grand Prairie region of 
east-central Arkansas) on the change in soil C and nitrogen (N) storage and other soil properties 
over a 15-year period. Soil samples were collected from the top 10 cm in 2001 and 2016 and the 
change over time was directly quantified soil bulk density, pH, electrical conductivity, soil 
organic matter (SOM), total C (TC), total nitrogen (TN), and the fraction of TC and TN in SOM. 
Based on direct measurements, SOM, TC, TN, and TC and TN fractions of SOM increased (P < 
0.05) over time in the native prairie ecosystems, as well as under the non-tilled, agriculturally 
managed landuse. Despite the native prairie losing soil C at a rate of 4.7 Mg ha-1 yr-1 over the 15-
year duration of this study, likely due to the effects of severe ecosystem fragmentation, soil C 
storage in 2016 was more than 2.5 times greater in the native prairie than in the cultivated 
agroecosystems in the Grand Prairie. Averaged across physiographic region, soil C content 
changed more over time (P = 0.04) under agricultural landuse (0.06 Mg ha-1 yr-1) than under 
native prairie landuse (-0.12 Mg ha-1 yr-1), but neither C sequestration rate alone differed from a 
change of zero (P > 0.05). Averaged across landuse, TC concentration (P < 0.01) and content (P 
< 0.01) changed more over time in the Ozark Highlands region of northwest Arkansas (0.02% yr-
1 and 0.28 Mg ha-1 yr-1, respectively), where both rates of change differed from zero (P < 0.05), 
than in the Grand Prairie region of east-central Arkansas. Results indicate greater soil C 
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sequestration is occurring in the relatively cooler and drier climate of the Ozark Highlands 
compared to the Grand Prairie region. This study demonstrates the value of direct measurements 
over time for assessing temporal changes in soil properties and results can be used to guide 
expectations of the effects of landuse change from undisturbed native prairie to managed 
agriculture and potentially direct future restoration activities to be as successful as possible. 
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Introduction 
Carbon is central to many important soil and environmental properties and processes at 
various scales from soil micro-aggregates to the global climate. For example, greenhouse gas 
(GHG) concentrations in the atmosphere have been on the rise since the Industrial Revolution 
began in the 18th century and have led to an enhancement of the greenhouse effect and dramatic 
increases in global air temperatures. The combined average land and surface air temperatures 
from 1880 to 2012, calculated from a linear trend with 90% certainty, showed mean warming of 
0.85°C, which ranged from 0.65 to 1.06°C, across the globe (IPCC, 2014). This striking increase 
in air temperature over such a short period of time has evolved into the climatic variations 
witnessed today that scientists have termed global climate change. The scientific consensus is 
that the rising air temperatures are the result of an unprecedented rise in GHG emissions over the 
last 150 years, due primarily to human activity in the form of burning fossil fuels, agricultural 
land conversion and management, and deforestation (IPCC, 2014).  
Carbon dioxide (CO2) is the most abundant GHG in the atmosphere and has risen from 
280 mg L-1 before the Industrial Revolution in 1730 to over 400 mg L-1 in 2015 and is predicted 
to continue increasing by 2 mg L-1 per year (IPCC, 2014). In 2010, the CO2 derived from burning 
fossil fuels and industrial processes contributed around 65% of total global GHG emissions, 
while forestry, land clearing for agriculture, and soil degradation collectively accounted for 11% 
of the global emissions (IPCC, 2014). In 2015, agricultural production alone accounted for 9% of 
total US GHG emissions (EPA, 2017). Fossil fuels are burned during agricultural production, 
from heavy machinery and equipment, and these emissions account for nearly 25% of the total 
global GHG emissions originating from fossil fuels (IPCC, 2014). However, other sources of 
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CO2 emissions associated with agricultural production result from the initial conversion and 
continued tillage of soils that contain substantial amounts of soil organic carbon (SOC).  
Carbon flows through the global C cycle between five primary pools: the oceanic pool, 
geologic pool (fossil fuels), pedologic (soil) pool, atmospheric pool, and biotic pool. Most of the 
C held within the terrestrial ecosystem is stored within the soil (~2500 Pg), with only a fraction 
of the total terrestrial C stored within plant biomass (~560 Pg) (Stevenson, 1986). The global C 
cycle and SOC creation are fueled by the photosynthetic activity of plants and other autotrophic 
organisms, which converts CO2 into glucose (C6H12O6) or energy that is used to develop 
biomass. Following the decomposition of autotrophic organisms and the heterotrophic organisms 
that consume them, a portion of the C captured during photosynthesis remains stored in the soil 
in a process known as soil C sequestration. 
 Soil C sequestration potential within an ecosystem is dependent on the same factors that 
lead to pedogenesis: parent material, climate, biota, topography, and time. Climate and biota tend 
to play a more significant role in the C cycle and therefore are often more important to the soil C 
sequestration process. Colder climates are more likely to accumulate SOC because soil microbial 
decomposition of soil organic matter (SOM) is slowed and sometimes paused when temperatures 
reach below freezing (0°C) (Brady and Weil, 2008). In addition to temperature, the other main 
climatic factor that affects soil C sequestration is moisture, where a fine line exists between 
optimal soil moisture and too much or too little soil moisture. Optimal soil moisture contributes 
to increase above- and belowground autotrophic productivity, which leads to greater available 
plant biomass. Too much soil moisture decreases soil microbial decomposition rates of SOC 
when soil moisture levels reach a point where periodic reducing conditions occur. However, 
increased moisture levels that do not reach reducing conditions have the potential to increase soil 
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microbial decomposition rates, as microbes gain more access to the soil pores through the 
movement of water. In contrast, too little soil moisture limits plant productivity, hence the 
potential production and input of SOM for soil microbes to consume and convert to SOC. 
The C compounds returned to the soil during microbial decomposition, in the form of 
SOM, consist of three separate pools: active, intermediate or slow, and passive. These pools are 
classified by the amount of time the SOM remains stable before further decomposing and 
returning to the atmosphere, mostly as CO2, via microbial respiration. Soil organic matter within 
the active pool consists of labile or easily decomposable particulate organic matter (Lal et al., 
2009). The active pool of SOM contributes most of the beneficial effects of soil structural 
stability, which enhances a soil’s infiltration capacity and resistance to erosion and can be readily 
increased by adding fresh plant and animal residues. However, due to the potential instability of 
the organic material, the active C pool can be easily lost due to reductions in organic additions or 
increased tillage.  
 Agricultural production is one of the leading disturbances of the SOC pools because of 
the management practice of conventional tillage (McCarl et al., 2006). Over the years, due to 
reduced C inputs and continual disturbance through conventional tillage, between 40 and 60% of 
SOC has been lost following the conversion of lands from tallgrass prairie to cultivated 
agriculture (Kucharik et al., 2001). The decrease can be explained by the initial land conversion 
to non-native vegetation, followed by the rapid oxidation of SOM from conventional tillage and 
minimal vegetative cover and biomass inputs back to the soil. Rapid declines in SOC are due 
partly to the mechanical disintegration of soil aggregates during repeated annual tillage, which 
exposes organo-mineral surfaces that had otherwise been unavailable for decomposition by 
microbes when previously undisturbed and the physical loss of SOC due to erosion (Post and 
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Kwon, 2000). However, some level of SOM turnover is necessary to incorporate and protect 
fresh C inputs from rapid decay and mineralization, whereas SOM turnover that occurs too 
quickly or too often can lead to decreases in microaggregate stability and formation, therefore 
decreasing soil C sequestration potential (Six et al., 2004). 
Soil formation and resulting soil properties are inextricably linked with climatic factors 
and parent material. Arkansas resides in a unique climatic transition zone in the mid-southern 
US, with arid to semi-arid grassland to the west and northwest and humid temperate deciduous 
forest to the south and southeast. The climate gradient that spans through Arkansas also controls 
the botanical composition and interacts with distinct topographic and geologic gradients. 
Consequently, Arkansas is separated into at least two distinct climates and parent material 
sources. The northwest region of Arkansas, known as the Ozark Highlands [Major Land 
Resource Area (MLRA) 116A; USDA-SCS, 1981], is relatively warm and wet and dominated by 
deciduous forest vegetation both presently and as the climax vegetation community. Cherty 
limestone residuum is the soil parent material for much of the Ozark Highlands. Soils in the 
Ozark Highlands are typically moderately deep and medium- to fine-textured Udults and Udalfs. 
The Ozark Highlands also contains remnants of the Osage Prairie, which once extended through 
south-central and southwestern Missouri, as well as northwest Arkansas (MDC, 2007). Presently, 
less than 0.5% of the original Osage prairie exists, due to the conversion to pasture and hay 
meadows now populated with naturalized (i.e., introduced) species (Brye and West, 2005). East-
central Arkansas contains the remnants of the tallgrass prairie regionally referred to as the Grand 
Prairie, within the MLRA 134 - Southern Mississippi Valley Silty Uplands (USDA-SCS, 1981), 
which is an area that is also relatively warm and wet, with fertile alluvial parent material.  
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 Comparing native prairies across these two physiographic regions in Arkansas, Brye et 
al. (2004b) reported that SOM concentrations in the top 10 cm in native prairie ecosystems 
generally increased south and eastward across Arkansas, due to increasing precipitation in the 
Grand Prairie region compared to the Ozark Highlands, therefore leading to increased above- and 
belowground productivity. In contrast, a study conducted by Brye and Gbur (2010) reported that, 
averaged across landuse, soils in the Grand Prairie region had the lowest average SOC 
sequestration rate (-0.04 kg SOC m-2 yr-1) in the top 10 cm compared to that observed in the 
Ozark Highlands (0.05 kg SOC m-2 yr-1). Brye and Gbur (2010) also reported that, averaged 
across physiographic region, soils under agricultural management had a lower average SOC 
sequestration rate (-0.03 kg SOC m-2 yr-1) in the top 10 cm compared to that observed for native 
prairies (0.04 kg SOC m-2 yr-1). 
A study conducted within the Ozark Highlands region evaluating the effects of grassland 
management on soil physical and chemical properties, including SOC, in the top 10 cm over a 6-
year period in silt-loam soil reported that certain management schemes, including grazing and 
haying, had minimal effect on  near-surface soil properties, indicating that contemporary 
managed forage lands in the Ozark Highlands are not being degraded by agricultural 
management, but are in fact remaining similar to the remnant prairies from which they were 
converted (Brye and Gbur, 2011). In contrast, a study conducted, within the Grand Prairie 
region, on a chronosequence of four Typic Albaqualfs in adjacent fields in Prairie County, 
Arkansas, varying only in time under cultivation with the control as a native, undisturbed 
tallgrass prairie, reported an exponential decrease in SOC in the top 10 cm as years of cultivation 
increased (Brye et al., 2004a). Brye and Pirani (2005) showed a significant difference in soil C 
concentration and content in the top 10 cm between native prairie (2.3 to 3.2% C; 2.5 to 3.4 kg C 
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m-2) and adjacent tilled agricultural systems (1.0 to 1.7% C; 1.3 to 2.0 kg C m-2) in the Grand 
Prairie region of east-central Arkansas. Specifically, the difference in soil C tended to be greater 
when the agricultural fields had been tilled for 30 or more years than when the agricultural fields 
had been tilled for less than 30 years (Brye and Pirani, 2005). Following the conversion from 
native prairie to intensely tilled agriculture, a 17 to 52% decrease in soil-quality related 
parameters was observed, including soil OM, total N, and total C (Brye and Pirani, 2005). 
 Many of these examples of losses in SOC, and other resulting soil-quality parameters, 
can be interpreted positively as the potential to enhance and regain soil C storage in soils affected 
by long-term agricultural activity. With a combination of site-specific best management 
practices, like conservation tillage, no-tillage, cover crops, and elimination of fallow periods, 
which increase C input into the system, agricultural fields have the potential to become C sinks 
instead of their historic role as C sources. The objective of this study was to evaluate the effects 
of landuse (i.e., native tallgrass prairie and managed agriculture) and physiographic region on the 
change in soil C storage and other soil properties over a 15-year period. It was hypothesized that 
soil C and N storage in the top 10 cm would remain constant or slightly increased within the 
prairie remnants, while soil under agricultural management (i.e., managed pastureland and 
cultivated agriculture) would likely decrease over a 15-year period between 2001 and 2016. 
Cultivated row-crop agriculture on alluvial soils was hypothesized to have lower C and N storage 
than managed pastureland on residual soils due to the long history of intensive tillage, despite 
alluvial soils typically being considered more fertile than residual soils. 
 
 87 
 
Materials and Methods 
Site Description 
 The Stump and Chesney Prairies in Benton County in the Ozark Highlands region of 
northwest Arkansas have various degrees of disturbed, agricultural landuse adjacent to the 
prairies in the same soil map unit as exists in the prairies (Table 1). Specifically, adjacent to the 
Stump Prairie resides a managed grassland, dominantly tall fescue (Lolium arundinaceum 
[Schreb.] Darbys.), that has been infrequently cultivated in the last 20 years for cutting and 
removing the aboveground vegetation (i.e., haying) multiple times a year. In addition, a managed 
pastureland that has never been cultivated, but has been consistently grazed multiple times per 
year for the past 20 years with varying head of cattle also resides adjacent to the Stump Prairie. 
Adjacent to the Chesney Prairie resides an area that has been periodically cultivated and planted 
with a row crop [i.e., corn (Zea mays L.) or soybean (Glycine max L.)] in the last 20 years; 
however, the area has been left fallow for the past 15 years without a row crop being planted.  
  The Seidenstricker Prairie, in Prairie County, Arkansas, resides in an area known as the 
Grand Prairie and has three adjacent agricultural fields, with similar soil mapping units as exists 
in the prairie, that were once part of the prairie itself that have now been consistently annually 
intensively cultivated and cropped under a rice (Oryza sativa L.)-soybean-wheat (Triticum 
aestivum L.) rotation in most years since 1957, 1975, and 1986 (Table 1). Consequently, as of 
2016, the native prairie and three adjacent agricultural fields represented a chronosequence with 
varying years under cultivated agriculture (i.e., 0, 31, 42, and 60 years, respectively). 
Regional Characteristics 
 The Ozark Highlands (36 to 38°N lat., 91 to 95°W long.), MLRA 116A (USDA-SCS, 
1981), occupies portions of southwest and south-central Missouri, eastern Oklahoma, and 
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northwest and north-central Arkansas. The area is a low-elevation, disjointed mountainous 
region, covering roughly 2.1 million ha (Brye and Gbur, 2010). Soils in the Ozark Highlands are 
typically Udults and Udalfs with deep, medium- to fine-textured cherty residuum weathered 
from limestone (NRCS, 2017). Oak (Quercus spp.) forests dominate the vegetation in the Ozark 
Highlands, but a large extent of tallgrass prairie was also historically present. The Chesney and 
Stump Prairies are located within the Springfield Plateau, a region that extends over 640,000 ha, 
which consisted of low undulating plains (240 to 430 m in elevation) covered in prairie, 
savannah, hardwood forest, and acidic glade ecosystems (USDA-SCS, 1981). Historic prairie 
ecosystems covered >30,000 ha within the Springfield Plateau. The Chesney and Stump Prairies 
are the only remnants of a much grander historical prairie that spanned over 4,000 ha in 
northwest Arkansas known as the Lindsley Prairie (Holiman et al., 2013). 
The Grand Prairie (34° 0’to 35°30’N lat., 91°15’ to 92°10’W long.), part of MLRA 134, 
is in east-central Arkansas and covers roughly 0.5 million ha (USDA-SCS, 1981). Soils in the 
Grand Prairie are typically deep to very deep Udalfs, with medium texture and mixed mineralogy 
(NRCS, 2017), that are developing in fertile alluvial parent material sourced from the historic 
flooding of the Mississippi River, with or without a thin loess cover. The historic land cover in 
the Grand Prairie region was grasslands, which historically covered ~130,000 ha as tallgrass 
prairie, of which < 1% remains today due primarily to the introduction and expansion of 
mechanized agriculture (ANHC, 2009). Consequently, presently, the predominant landuse within 
the Grand Prairie region is cultivated, row-crop agriculture, where rice, soybean, and wheat are 
the dominant crops.  
The regions also vary by climate. The climate of the Grand Prairie region is, on average, 
warmer than the Ozark Highlands, with mean annual temperatures of 16.6 and 14.5 °C, 
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respectively (NCEI, 2010). Average annual precipitation in the northwest Arkansas portion of 
the Ozark Highlands is approximately 116 cm, while that in the Grand Prairie region is 126 cm 
(NCEI, 2010). 
 
Soil Sampling Scheme 
Between early August 2001 and mid-April 2002, initial soil samples were collected at 
Stump and Chesney Prairies in the Ozark Highlands region of northwest Arkansas and at the 
Seidenstricker Prairie in the Grand Prairie region of east-central Arkansas. Soil property data in 
the top 10 cm from the initial soil samples collected in 2001/2002 were determined and reported 
in Brye and West (2005) and Brye et al. (2008) for the Stump and Chesney Prairies and in Brye 
and Slaton (2003) and Brye et. al. (2004b) for the Seidenstricker Prairie. At the same time, 
between early August 2001 and mid-April 2002, the above-described, adjacent agricultural areas 
were sampled at all three prairie sites. Between late October and early November 2016, a 
subsequent set of soil samples were collected in all three prairie sites and in their adjacent 
agricultural areas. In each soil map unit represented within each prairie and in the same or 
similar soil map unit in the adjacent agricultural areas, soil samples were collected from the top 
10 cm along a 60-m transect at five sampling points spaced 15-m apart (i.e., at the 0-, 15-, 30-, 
45-, and 60-m marks). A slide hammer, with a 4.8-cm-diameter, stainless steel core chamber, 
was used to manually collect the soil samples, which were subsequently oven-dried at 70°C for 
48 hours, weighed for bulk density determinations, and crushed and sieved to pass through a 2-
mm mesh screen for soil chemical property determinations. 
  Percentages of sand, silt, and clay in the top 10 cm from the initial soil samples collected 
in 2001/2002 were determined and reported in Brye and West (2005) and Brye et al. (2008) for 
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the Stump and Chesney Prairies and in Brye and Slaton (2003) and Brye et. al. (2004b) for the 
Seidenstricker Prairie. Soil pH was potentiometrically established using an electrode in a 1:2 
(wt/vol) soil-to-water paste. Soil organic matter was determined by weight-loss-on-ignition after 
2 hr at 360°C. Total C and N were determined by high-temperature combustion (Elementar 
Variomax CN Analyzer, Elementar Americas, Inc, Mt. Laurel, NJ). No soil among sampled 
transects effervesced upon treatment with dilute hydrochloric acid, thus all measured soil C was 
assumed to be SOC. The C:N ratio and fractionation of C and N in the SOM were calculated for 
each sample using measured concentrations. In addition, for each soil sample, TC, TN, and SOM 
contents (kg ha-1) were calculated from measured concentrations (g kg-1), measured bulk 
densities, and the 10-cm depth interval. To calculate C and N sequestration rates, the 2001/2002 
contents were then subtracted from 2016 contents and the differences were divided by the 
number of years between sampling (~15 years).  
 
Statistical Analyses 
A two-factor analysis of variance (ANOVA) was conducted using SAS 9.4 (SAS 
Institute, Inc., Cary, NC), based on a completely random design, to evaluate the effects of 
physiographic region (i.e., Ozark Highlands and Grand Prairie), landuse (i.e., native prairie and 
managed agriculture), and their interaction on changes in soil bulk density, pH, EC, SOM, C, and 
N storage, C:N ratio, and C and N fractions of SOM in the top 10 cm over time. A second two-
factor ANOVA was conducted using SAS to evaluate the effects of physiographic region, 
landuse, and their interaction on soil bulk density, pH, EC, SOM, C, and N storage, C:N ratio, 
and C and N fractions of SOM in the top 10 cm from the 2016 sampling only to assess the 
current state of soil property differences among treatments. In addition, a linear regression 
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analysis was conducted in Minitab (version 13, Minitab, Inc., State College, PA) using the 2016-
measured data only for the Grand Prairie sites to assess soil C storage trends over time under 
cultivation. For all statistical analyses, significance was judged at P < 0.05; thus, when 
appropriate, means were separated by least significant difference (LSD) at the 0.05 level. 
 
Results and Discussion 
Soil Property Changes Over Time 
Most of the soil property differences measured in this study in the top cm over a period of 
15 years from 2001/2002 to 2016 were affected by physiographic region, landuse, or both (Table 
2). Changes in soil pH (P < 0.01) and EC (P = 0.01) over the 15-year period differed among 
regions within landuses (Table 2). In contrast, changes in SOM content, TC and TN content and 
concentration, C:N ratio, TC and TN fractions of SOM over time differed (P < 0.05; Table 2) 
between regions, while changes in TC content, C:N ratio, and TC fraction of SOM over time also 
differed (P < 0.05; Table 2) between landuses. Neither changes in soil bulk density nor SOM 
concentration over time were affected by region or landuse (P > 0.05; Table 2).  
Soil pH and EC in the top 10 cm increased the most over time under cultivated, row-crop 
agricultural management in the Grand Prairie, which was a greater change over time than for the 
other three region-landuse combinations, which did not differ (Table 3; Figure 1). However, soil 
pH and EC also decreased the most over time under non-cultivated agricultural landuse in the 
Ozark Highlands (Table 3; Figure 1). The differences in soil pH and EC change overtime under 
agricultural landuse likely were due to periodic lime applications and exposure to bicarbonate-
rich irrigation water for row crop production in the Grand Prairie. In contrast, soil pH and EC did 
not change over time under native prairie landuse in either region, which may have occurred due 
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to already having achieved some level of equilibrium that maintained the soil in a well-buffered 
state. Similar to the results of this study, based on sampled collected in 1987 to a depth of 10 cm, 
also at the Seidenstricker site in the Grand Prairie, Brye et al. (2004a) concluded that soil pH 
levels were greater in the oldest cultivated, agriculturally managed soils, 12- and 30-yr-old at the 
time, than in the native prairie and the youngest (1-yr-old) cultivated, agriculturally managed 
soil. Following a resampling of the same sites in 2001, Brye et al. (2004a) reported that soil pH 
was still greater in the cultivated agroecosystems than in the prairie, but that soil pH did not 
differ among the three cultivated agroecosystems by 14 years later. Brye and Gbur (2011), who 
compared soil property differences in the top 10 cm between native, undisturbed and managed 
grasslands in the Ozark Highlands between 2001 and 2008, concluded that, although numerically 
greater in the agroecosystems, soil pH did not differ in the top 10 cm between native prairie and 
managed forage landuse, but soil pH levels had decreased by 8% in the seven years between 
samplings. The soil pH decrease was attributed to a lack of liming in the managed forage lands 
and the presence of natural mineralization of the SOM and nitrification processes that had been 
slowly acidifying the soil (Brye and Gbur, 2011).  
 In contrast to soil pH and EC, averaged across landuse, SOM content in the top 10 cm 
decreased over time in the Grand Prairie (-0.37 Mg ha-1 yr-1), but did not change over time in the 
Ozark Highlands (Table 3). Soil bulk density did not differ over time (Table 2), but, despite the 
change in SOM concentration over time being unaffected (P > 0.05) by region (Table 2), SOM 
concentration decreased more in the Grand Prairie than in the Ozark Highlands (Table 3), which 
was likely responsible for the decrease in SOM content in the Grand Prairie over time. 
Furthermore, the Grand Prairie region, on average, is slightly warmer and wetter than in the 
Ozark Highlands. Consequently, microbial decomposition of SOM was likely somewhat greater 
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over time in the Grand Prairie than in the Ozark Highlands. Brye and Gbur (2011) also 
concluded that SOM content did not change over time in either the native prairies or the 
managed grasslands in the Ozark Highlands region. In a study comparing landuse effects 
between the Ozark Highlands and the Grand Prairie regions among silt-loam-textured soils to a 
depth of 10 cm, between 2001 and 2007, Brye and Gbur (2010) also demonstrated that, averaged 
across landuse, SOM content decreased in the Grand Prairie, but did not change over time in the 
Ozark Highlands and attributed the results to the regional climate differences. The Grand Prairie 
region also typically experiences longer durations of warmer temperatures, which stimulate 
microbial activity and lead to greater microbially mediated SOM decomposition rates.  
 Similar to SOM content, averaged across landuse, TN concentration (-0.004% yr-1; Table 
4) and content (-0.04 Mg ha-1 yr-1; Table 3) decreased by more than a factor of two over time in 
the Grand Prairie, respectively; Table than in the Ozark Highlands, which also decreased over 
time (-0.002% yr-1 and -0.01 Mg ha-1 yr-1, respectively; Tables 3 and 4). Despite the annual input 
of fertilizer N for optimal row-crop production in the Grand Prairie, which only meant to meet 
the crop N requirement, no other mechanisms of N input are enough to overcome the net loss of 
N over time from the top 10 cm by likely leaching and/or volatilization. In contrast to the results 
of this study, Brye and Gbur (2010) reported that, averaged across landuses, TN content 
increased over time at a rate of 0.04 Mg ha-1 yr-1 in the Ozark Highlands, but decreased at the 
same rate (-0.04 Mg ha-1 y-1) in the Grand Prairie in the top 10 cm between 2001 and 2007. 
However, in a chronosequence of tallgrass prairie restorations in the Ozark Highlands, TN 
content in the top 10 cm decreased over time with restoration age and trended towards that in a 
nearby native prairie, which contained the lowest TN content (Brye and Riley, 2009). The 
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variation in results among studies highlights the multifaceted and highly limiting nature of N in 
both natural and cultivated ecosystems.  
Similar to TN, averaged across landuse, TC concentration (-0.03% yr-1; Table 4) and 
content (-0.33 Mg ha-1 yr-1; Table 3) decreased over time in the Grand Prairie. However, in 
contrast, TC concentration (0.02% yr-1; Table 4) and content (0.28 Mg ha-1 yr-1; Table 3) both 
increased over time in the Ozark Highlands. There are many complex processes that have been 
linked to fluctuations and accumulations of C within soils, such as plant physiological responses 
to atmospheric CO2, light and environmental stressors, like temperature, nutrients, and water, as 
well as microbial responses to soil moisture and temperature variations. In the case of this study, 
all of these factors are potentially at work, with likely a stronger influence stemming from 
microbial responses to differences in soil moisture and temperature between physiographic 
regions, where greater microbial decomposition is occurring in the slightly warmer and wetter 
climate of the Grand Prairie than in the Ozark Highlands. Erosion from wind and water can also 
play a major role in SOC loss in soils, as well as the oxidation of SOC associated with 
cultivation, which could also be contributing to the overall loss of soil C in the Grand Prairie. 
Conventional tillage is carried out on an annual basis in the agricultural sites from the Grand 
Prairie used in this study, thereby increasing the potential loss of topsoil and C from erosion and 
the loss of SOC from oxidation and decomposition. Similar to the results of this study, Brye et al. 
(2004a) reported a net loss of SOC from the top 10 cm in the Grand Prairie during a 14-yr period 
from the same Seidenstricker sites used in this study, where, averaged by landuse, SOC 
decreased at a rate of 0.1 Mg SOC ha-1 yr-1. Over a 6-yr-period between 2001 and 2007, Brye 
and Gbur (2010) also reported, averaged across landuse, soil C sequestration rates in the top 10 
cm were 0.5 and -0.4 Mg SOC ha-1 yr-1 in the Ozark Highlands and the Grand Prairie, 
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respectively. Similarly, Brye and Gbur (2011) reported that, on average, SOC increased by 0.13 
Mg SOC ha-1 yr-1 in the top 10 cm in the Ozark Highlands. In contrast to the results of this study, 
a field experiment conducted on a silt-loam soil under soybean production in the Mississippi 
River Delta region of eastern Arkansas, approximately 50 mi east of the sites in the Grand Prairie 
used for this study, showed that TC in the top 10 cm increased at an average of 0.6 Mg SOC ha-1 
yr-1 over a 6-yr study period across numerous tillage-burn-residue-level treatment combinations 
(Amuri et al., 2008). A study conducted across Texas (e.g., Bushland, Temple, and Corpus 
Christi) determined the linear relationship between SOC sequestration and average annual 
temperature was stronger (r2 = 0.99) than with rainfall (r2 = 0.40), where SOC decreased by 0.17 
Mg ha-1 yr-1 for every degree increase in the annual temperature, SOC only decreased by 0.0023 
Mg ha-1 yr-1 as rainfall increased (Potter et al., 1998). Results of the current study support the 
well-documented pattern that SOC sequestration is greater in cooler (i.e., the Ozark Highlands) 
compared to warmer climates (i.e., the Grand Prairie), however the relationship between soil 
moisture levels and SOC sequestration is more difficult to predict and does not follow a linear 
relationship.  
As a result of decreased TN and increased TC, averaged across landuse, the soil C:N ratio 
increased in both regions, but increased more over time in the Ozark Highlands (0.18 yr-1) than 
in the Grand Prairie region (0.13 yr-1; Table 3). Similar to the results of this study, Brye and 
Gbur (2010) concluded that the soil C:N ratio increased between 2001 and 2007, but only under 
the agricultural landuse in the Grand Prairie and that the soil C:N ratio did not change over time 
under native prairie in the Grand Prairie and the Ozark Highlands, as well as under agricultural 
landuse in the Ozark Highlands. In contrast, Brye and Gbur (2011) showed that the soil C:N ratio 
increased by 3.6% between 2002 and 2008 in grasslands in the Ozark Highlands.   
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Averaged across landuse, the TN fraction of SOM changed more over time in the Grand 
Prairie (0.25% yr-1) than in Ozark Highlands (-0.04% yr-1), but both did not differ from a change 
of zero (Table 3). In contrast, the TC fraction of SOM, averaged across landuse, increased over 
time in the Ozark Highlands (0.52% yr-1), where the TC fraction of SOM decreased over time in 
the Grand Prairie (-0.32% yr-1) (Table 3). Increased TN within the available above- and 
belowground biomass and the resulting SOM, especially in N-limited ecosystems such as native 
prairies or agricultural fields, can lead to increased microbial decomposition and therefore loss of 
C and N within the soil until periods of anaerobic conditions or cooler temperatures slow down 
decomposition process, therefore resulting in an accumulation of SOC. Brye and Gbur (2011) 
reported that TC and TN fractions of SOM did not change over time in the Ozark Highlands, 
whereas the difference in results could be the result of the shorter sampling period of only seven 
years use by Brye and Gbur (2011) compared to the longer 15-yr sampling period used in this 
study.  
In contrast to the other measured soil properties, changes in TC content, C:N ratio, and 
TC fraction of SOM in the top 10 cm differed (P < 0.05) over time between landuses (Table 2). 
Averaged across physiographic region, the change in TC content and the TC fraction of SOM 
over time were greater in the agricultural compared to the native prairie landuse, but neither soil 
property change over time differed from a change of zero (Tables 3). In contrast to TC content 
and the TC fraction of SOM, averaged across physiographic region, the C:N ratio increased more 
over time in the agricultural (0.19 yr-1) than in the native prairie landuse (0.12 yr-1; Table 3). 
These results are somewhat contradictory to the stated hypothesis, where greater SOC 
sequestration was expected to occur in the native prairie landuse over time. However, the 
disagreement between the results and the stated hypothesis was likely driven by the fact that the 
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largest numeric increase in TC content occurred within the agricultural landuse (0.32 Mg ha-1 yr-
1), in the Ozark Highlands and the greatest numeric decrease occurred in the native prairie in the 
Grand Prairie (-0.47 Mg ha-1 yr-1). Since the agriculturally managed soils in the Ozark Highlands 
were not tilled on any regular basis and were used as grazed pastureland and mowed hayland, it 
is within reason that SOC would be increasing within these ecosystems, as there are likely 
fertilizers added annually or semi-annually to these agroecosystems in the form of both inorganic 
fertilizers and/or manure, which would stimulate plant growth and increase above- and 
belowground biomass to add to the SOM and SOC pools.  
Managed grazing practices (i.e., rotational grazing) have also been known to increase 
SOC storage in soils. A grazing study conducted in a northern mixed-grass prairie in Wyoming 
under both light and heavy stocking rates reported increased SOC in the top 30 cm (0.30 Mg C 
ha-1 yr-1) compared to the non-grazed surrounding exclosures (Schuman et al., 1999). However, a 
meta-analysis conducted on C sequestration in native rangelands of the North American Great 
Plains revealed that, although there was no statistical relationship between the change in SOC 
content and the longevity of a grazing management practice, the general trend suggested a 
decrease in SOC sequestration as the age of the grazing management system increased, where 
the range of years under management were between about 20- and 80-years-old (Derner and 
Schuman, 2007). The duration under consistently grassland management for the sites in this 
study within the Ozark Highlands was roughly greater than 20 years, thus was at the younger end 
of the age range evaluated by Derner and Schuman (2007).  
The decrease in TC in the native prairie within the Grand Prairie was unexpected, where 
the most likely explanation was the combination of severe fragmentation and periodic vehicle 
traffic and compaction from agricultural machinery in order to reach the cultivated fields 
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surrounding the prairie. Contrary to the results of this study, Brye et al. (2004a) reported that, in 
the same native prairie at the Seidenstricker site in this study, a significant increase in SOC 
concentration occurred from 1987 to 2001. Brye and Gbur (2010) also reported that landuse 
differences in SOC content change over time, averaged across physiographic region, equated to 
SOC sequestration rates of 0.4 and -0.3 Mg ha-1 yr-1 in the top 10 cm of the native prairie and 
agricultural landuse, respectively. The loss of SOC by the conversion of natural vegetation to 
cultivated landuse, as well as the continued loss of SOC as duration under cultivation increases, 
is well known, despite varying results due to factors such as soil texture, cropping system, 
residue management, and climate (Post and Kwon, 2000; Lal, 2004a; Lal, 2004b; Wright and 
Hons, 2005; McCarl et al., 2007). Tillage can have one of the greatest influences on SOC loss 
over time due the disturbance of the macroaggregates that form around and protect particles of 
undecomposed SOM, leading to the mineralization of that SOM, and consequently a loss of 
SOC. A study conducted on a silty-clay-loam soil in south-central Texas reported an average of a 
50% increase in SOC storage in the top 5 cm over a 20-yr sampling period under a no-tillage 
management plan compared to a conventional tillage practice (Wright and Hons, 2005).  
Jones and Donnelly (2004) conducted a meta-analysis study among landuses ranging 
from native undisturbed grasslands to poorly managed rangelands and concluded global soil C 
sequestration rates in the top 15 and/ 30 cm ranged from 0 to approximately 8 Mg SOC ha-1 yr-1. 
In the current study, the largest mean soil C sequestration rate of was measured in the 
agriculturally managed soils within the Ozark Highlands (0.32 Mg C ha-1 yr-1). However, greater 
SOC sequestration rates were expected to occur in the native prairies compared to the 
agricultural landuse and greater accumulation of SOM, TC, and TN was expected in the Grand 
Prairie region compared to the Ozark Highlands based on results of previous studies conducted at 
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these site (Brye et. al., 2004a; Brye et. al., 2004b; Brye and West 2005; Brye and Gbur, 2010; 
Brye and Gbur, 2011). Differences between studies conducted previously at these sites could 
stem from variations in sampling and analytical methods over time, however differences are 
more likely the result of actual changes over time, identified by direct measurements, over a 
longer period (i.e., 15 years) in this study instead of using regression analyses or linear 
relationships and shorter study periods (i.e., ≤ 8 years) that were used in several of the previous 
studies (Brye et. al., 2004a; Brye et. al., 2004b; Brye and West 2005; Brye and Gbur, 2010; Brye 
and Gbur, 2011). 
 
Soil Properties Differences after 15 Years 
  Though five of nine measured soil property changes over time in the top 10 cm were 
affected, while the other four were unaffected, by physiographic region, landuse, or their 
interaction, all measured soil properties, with the exception of bulk density, C:N ratio, and the C 
and N fractions of SOM, differed (P < 0.05) between regions within landuses in 2016 after 15 
years of consistent management or natural time progression (Table 5). Soil bulk density and the 
C and N fractions of SOM differed (P < 0.03) between physiographic regions and differed (P < 
0.04) between landuses, while the soil C:N ratio was unaffected (P > 0.05) by region or landuse 
(Table 5), thus was similar and averaged 13.5 across all region-landuse combinations (Table 6). 
 Soil pH and EC were greatest (P < 0.01; Table 5) in the Grand Prairie region within the 
agricultural landuse (6.7 and 0.168 dS m-1), respectively, and lowest in the native prairie landuse 
in the same region (4.7 and 0.072 dS m-1), respectively, but only pH and EC in the agricultural 
landuse in the Grand Prairie differed from the other region-landuse combinations (Table 6; 
Figure 2). Soil pH and EC were likely more regulated in the more conventional agricultural 
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landuses in the Grand Prairie from annual fertilizer additions and irrigation, respectively. Brye 
and Pirani (2005) similarly concluded that soil pH and EC were generally greater under tilled 
agricultural than under native prairie landuse.  
 In 2016, after 15 years of consistent management, soil OM concentration and content 
were both more than two-fold greater in the Ozark Highlands under both landuses and in the 
Grand Prairie under prairie landuse, which did not differ, than in the Grand Prairie under 
cultivated agricultural landuse (Figure 3). Similarly, TN concentration and content were lowest, 
by more than 50%, in the Grand Prairie under cultivated agricultural landuse, while the TN 
concentration was greatest under prairie landuse in both regions, which did not differ and TN 
content was greatest under prairie landuse in the Grand Prairie (Table 7; Figure 3). Total N 
concentration and content were also greater under prairie than managed agricultural landuse in 
the Ozark Highlands (Table 7; Figure 3). Similar to TN, TC concentration and content were 
more than two-fold greater under prairie landuse in both regions, which did not differ, than under 
cultivated agriculture in the Grand Prairie (Table 7; Figure 3). Total C concentration and content 
were also greater under prairie than agricultural landuse in the Ozark Highlands (Figure 3).  
Differences in TC and TN content among region-landuse combinations were likely the result of 
combined differences in TC and TN concentrations and bulk density, where, averaged across 
landuse, bulk density was 1.1 times greater in the Grand Prairie than in the Ozark Highlands and, 
averaged across region, was also 1.1 times greater under managed agricultural than native prairie 
landuse (Table 6). However, the differences in TC and TN concentrations alone (Table 7; Figure 
3) clearly demonstrate that there are substantial differences in the net balance between above- 
and/or belowground C and N inputs and losses. 
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Averaged across landuse, TN and TC fractions of SOM were both 1.3 times greater in the 
Ozark Highlands than in the Grand Prairie (Table 6). Averaged across region, TN and TC 
fractions of SOM were both 1.1 times greater under managed agricultural than native prairie 
landuse (Table 6). The differences in TC and TN fractions of SOM between regions and between 
landuses indicate that, in the Ozark Highlands and in the managed agricultural landuse use in 
general, the SOM pool is less diverse with other soil nutrients than in the Grand Prairie and 
native prairie landuse.  
In contrast to the results of this study, Brye and Gbur (2010) reported greater SOM, TN, 
and TC contents under the native prairie in the Grand Prairie, citing warmer and wetter annual 
climatic conditions that would promote greater belowground root biomass and OM, N, and C 
inputs compared with the Ozark Highlands. Similarly, comparing soil properties among only 
native prairies, Brye et al. (2004b) concluded that SOM and SOC concentrations and C:N ratio 
were at least numerically greater in the Grand Prairie than in the Ozark Highlands. However, 
Brye et al. (2004b) also reported that, based on a significant linear relationship, both TN and TC 
increased with increasing SOM concentration faster in the Ozark Highlands than in the Grand 
Prairie. Brye and West (2005) reported that neither TN nor TC concentration differed in the top 
10 cm between landuses in 2001/02 when comparing the same sites used for this study in the 
Ozark Highlands. However, TN and TC concentration data were obtained through high-
temperature combustion, whereas SOM concentration, which is obtained by weight-loss on 
ignition at a lower temperature) was significantly greater in the grazed than in the ungrazed 
pasture or native prairie soils (Brye and West, 2005). These results indicate that the proportion of 
SOC within SOM likely differs between management systems, in which the quality of substrate 
entering the SOC pool through humification is likely more recalcitrant or physiochemically 
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protected in the native prairie, indicating more C storage is occurring within the passive SOC 
pool.  
Considering only the Grand Prairie sites consisting of a native tallgrass prairie and three 
agroecosystems that varied in duration under cultivation that originated as part of the native 
prairie tract, regression analysis revealed no significant relationship between soil C sequestration 
rate in the top 10 cm over the 15-yr period from 2001 to 2016 (P > 0.05) or TC storage from 
2016 alone (P > 0.05) and duration of years of annual cultivation. Severe fragmentation and 
mismanagement of the native tallgrass prairie could be the cause of this lack of a significant   
linear relationship. Brye et al. (2004a) somewhat similarly concluded that the relationship 
between SOC and years of cultivation did not change significantly over a 14-year period between 
1987 and 2001in the same study sites within the Seidenstricker site. 
 
Conclusions 
Changes in near-surface soil C and N and related properties, assessed by direct 
measurement, over a 15-year period in silt-loam soils in Arkansas differed between 
physiographic regions and landuse and among their treatment combinations. Similar to that 
hypothesized, averaged across region, SOM, TC, and TN in the native prairie landuse did not 
change over time, indicating some degree of equilibrium exists in the less-disturbed, more 
natural ecosystems. However, in contrast to that hypothesized, SOM, TC, and TN also did not 
change over time in the managed agricultural landuse when averaged across region. Though not 
significant, cultivated row-crop agriculture on alluvial soils was shown to have at least 
numerically lower C and N storage and C and N decreased more over time than that in managed 
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pastureland on residual soils, likely due to the long history of intensive tillage, despite alluvial 
soils typically being generally considered more fertile than residual soils. 
Results of this study demonstrate how the combination of climate and soil parent 
material, which constituted the major differences between physiographic regions that were 
investigated in this study, can have a large influence on SOM, C and N storage and change over 
time. Despite differing types of managed agricultural landuse between the two regions, 
physiographic region clearly had a greater influence than landuse, as evidenced by more soil 
property changes over time evaluated in this study differing between regions when averaged 
across landuse than differed between landuses when averaged across regions.  
Results also showed that more numerous differences between regions and landuses were 
identified when only a single measurement set in time was considered compared to much fewer 
differences between regions and landuses recognized when assessing change over time based on 
direct measurements. In the absence of direct measurements, any inferences drawn about 
temporal trends in soil properties, particularly those like SOM, C, and N, that are key to 
improving understanding about the effects of rising mean annual air temperatures, rising 
atmospheric greenhouse gas concentrations, and global climate change in general must be 
tempered with numerous caveats because those inferences could be misleading. 
Many types of ecosystems are resilient and conditioned to resist change. Though 
inconvenient for numerous reasons, direct measurement over time in long-term studies, as were 
conducted in this study, perhaps offers the most appropriate methodology to assess temporal 
variation in soil properties and ecosystem characteristics towards understanding global climate 
change. Therefore, long-term, direct-measurement studies should be maintained and expanded to 
increase the accuracy of cataloguing important ecosystem processes, such as soil C sequestration 
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and other beneficial soil properties, particularly in disappearing native prairie ecosystems in 
Arkansas and elsewhere. The results of longer-term studies will provide more useful and 
effective guidance for rehabilitating and/or restoring areas of degraded land and/or minimally 
productive agricultural land. Ecosystem restoration projects will not only likely increase soil 
health and sustainability, but applying similar restoration principles to agricultural lands may 
increase productivity and collectively contribute to slowing, or potentially reversing, the global 
threat of rising of greenhouse gases in the atmosphere and climate change.   
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Appendix 
 
Table 1. Summary of site characteristics by geographic region. 
 
Region/ 
Parent 
Material Site Landuse 
Years 
Managed 
Soil 
Series 
Soil 
Taxonomic 
Description 
Slope 
(%) 
Ozark 
Highlands/
Residuum 
Stump Periodically 
cultivated hayfield 
 
> 20 Jay Oxyaquic 
Fragiudalf 
0 
 Stump Never cultivated 
managed pasture 
 
> 20 Jay Oxyaquic 
Fragiudalf 
0 
 Stump Native prairie 0 Jay Oxyaquic 
Fragiudalf 
1 
 Chesney Periodically 
cultivated 
agriculture 
 
> 20 Jay Oxyaquic 
Fragiudalf 
2 
 Chesney Native prairie 0 Jay Oxyaquic 
Fragiudalf 
2 
Grand 
Prairie/ 
Alluvium 
Seidenstricker Cultivated 
agriculture 
 
31* Dewitt 
 
Typic 
Albaqualf 
0 
Seidenstricker Cultivated 
agriculture 
 
42* Dewitt Typic 
Albaqualf 
0 
Seidenstricker Cultivated 
agriculture 
 
60* Dewitt Typic 
Albaqualf 
0 
Seidenstricker Native prairie 0 Dewitt Typic 
Albaqualf 
0 
* Indicates years before 2016, therefore native prairie was converted to cultivated agriculture in 
1986, 1975, and 1957, respectively. 
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Table 2. Analysis of variance summary of the effects of physiographic region (Ozark Highlands 
and Grand Prairie), landuse (managed agriculture and native prairie), and their interaction on the 
change in soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), 
total nitrogen (TN), and total carbon (TC) concentration and content, C:N ratio, and the C and N 
fractions of SOM in the top 10 cm over a 15-year period in silt-loam soils in Arkansas.  
 
Soil Property Region Landuse Region x Landuse 
 ________________________ P ________________________ 
BD (g cm-3 yr-1) 0.55 0.08 0.87 
pH (yr-1) < 0.01 0.01 < 0.01 
EC (dS m-1 yr-1) 0.17 < 0.01 0.01 
SOM (% yr-1) 0.08 0.22 0.44 
SOM (Mg ha-1 yr-1) < 0.01 0.59 0.68 
TN (% yr-1) 0.05 0.76 0.15 
TN (Mg ha-1 yr-1) < 0.01 0.57 0.16 
TC (% yr-1) < 0.01 0.67 0.19 
TC (Mg ha-1 yr-1) < 0.01 0.04 0.22 
C:N ratio (yr-1) 0.04 < 0.01 0.37 
TN fraction of SOM (% yr-1) 0.02 0.99 0.96 
TC fraction of SOM (% yr-1) < 0.01 0.06 0.76 
 
 
  
Table 3. Summary of mean soil property changes by treatment (i.e., physiographic region, landuse and their interaction) over a 15-
year sampling period for soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total 
carbon (TC), C:N ratio, and the N (N/SOM) and C (C/SOM) fractions of SOM in the top 10 cm in silt-loam soils in Arkansas. 
 
Treatment 
Soil Properties† 
BD pH EC SOM TN TC C:N N/SOM C/SOM 
Region 
  Grand Prairie (GP) 0.005 0.027 0.002 -0.37b* -0.04b* -0.33b* 0.13b*  0.25 -0.32b* 
  Ozark Highlands (OZH) 0.003 -0.006 0.001 0.04a -0.01a* 0.28a* 0.18a* -0.04 0.52a* 
Landuse 
  Agriculture (AG) 0.006 0.019 0.003 -0.21 -0.02 0.06a 0.19a* 0.44 0.29 
  Prairie (PR) 0.001 0.001 0.000 -0.13 -0.03 -0.12b 0.12b* 0.05 -0.09 
Region x Landuse 
  GP-AG 0.008 0.053a* 0.005a* -0.38 -0.03 -0.19 0.18 -0.09 -0.10 
  GP-PR 0.001 0.000b -0.000b -0.36 -0.05 -0.47 0.08 0.42 -0.54 
  OZH-AG 0.005 -0.015b* 0.001b* -0.03 -0.02 0.32 0.21 0.03 0.68 
  OZH-PR 0.000 0.003b 0.000b 0.11 -0.01 0.24 0.16 -0.06 0.35 
† Units for the soil properties are as follows: BD, g cm-3 yr-1; pH, yr-1; EC, dS m-1 yr-1; SOM, TN, and TC, Mg ha-1 yr-1; C:N, yr-1; and 
N/SOM and C/SOM, % yr-1 
†† Different lower case letters for a soil property within a treatment category indicates a significant difference (P < 0.05) 
* An asterisk indicates mean value is greater than 0 (P < 0.05) 
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Table 4. Summary of mean soil property changes by treatment (i.e.,physiographic region, 
landuse, and their interaction) over a 15-year sampling period for soil organic matter (SOM), 
total nitrogen (TN), total carbon (TC) concentrations in the top 10 cm in silt-loams soils in 
Arkansas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* An asterisk indicates mean value is greater than 0 (P < 0.05) 
  
 Soil Properties 
Treatment SOM TN TC 
 % yr-1 % yr-1 % yr-1 
Region    
Grand Prairie (GP) -0.04b* -0.004b* -0.03b* 
Ozark Highlands (OZH) -0.01a -0.002a*  0.02a* 
Landuse 
Agriculture (AG) -0.04 -0.003  -0.00 
Prairie (PR) -0.01 -0.003 -0.01 
Region x landuse 
GP-AG -0.05 -0.003 -0.02 
GP-PR -0.04 -0.004 -0.04 
OZH-AG -0.03 -0.003  0.01 
OZH-PR -0.01 -0.001  0.02 
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Table 5. Analysis of variance summary of the effects of physiographic region, landuse, and their 
interaction on soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter 
(SOM), total nitrogen (TN), and total carbon (TC) concentration and content, C:N ratio, and the 
TN and TC fractions of SOM in the top 10 cm from the 2016 sampling in silt-loam soils in 
Arkansas. 
 
Soil Property Region Landuse Region x Landuse 
 ________________________ P ________________________ 
BD (g cm-3) 0.03 < 0.01 0.83 
pH  < 0.01 < 0.01 < 0.01 
EC (dS m-1) 0.16 < 0.01 < 0.01 
SOM (%) < 0.01 < 0.01 < 0.01 
SOM (Mg ha-1) < 0.01 < 0.01 < 0.01 
TN (%) < 0.01 0.02 0.04 
TN (Mg ha-1) < 0.01 0.10 < 0.01 
TC (%) < 0.01 < 0.01 0.03 
TC (Mg ha-1) < 0.01 < 0.01 < 0.01 
C:N ratio  0.26 0.45 0.32 
TN fraction of SOM (%) < 0.01 0.04 0.92 
TC fraction of SOM (%) < 0.01 0.03 0.60 
 
  
  
 
Table 6. Summary of mean soil properties in the top 10 cm by treatment (i.e., physiographic region, landuse and their interaction) for 
soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total carbon (TC), C:N ratio, 
and the N and C fractions of SOM from the 2016 sampling in silt-loam soils in Arkansas. 
 
 
Treatment 
Soil Properties 
BD pH EC SOM TN TC C:N N/SOM C/SOM 
 g cm-3  dS m-1 Mg ha-1 Mg ha-1 Mg ha-1  % % 
  Region 
  Grand Prairie (GP) 1.21 5.7 0.120 39.5 1.24 17.0 13.7 3.22 44.0 
  Ozark Highlands (OZH) 1.14 4.9 0.108 54.3 2.33 30.7 13.3 4.29 56.8 
Landuse 
  Agriculture (AG) 1.23a 5.8 0.146 40.0 1.67 21.8 13.4 3.97a 52.6a 
  Prairie (PR) 1.11b 4.8 0.082 53.8 1.91 25.9 13.6 3.54b 48.2b 
Ecosystem x landuse 
   GP-AG 1.27 6.7a 0.168a 26.5b 0.89d 12.2c 13.7 3.38 46.4 
   GP-PR 1.15 4.7b 0.072b 52.5a 1.59c 21.7b 13.7 3.05 41.7 
   OZH-AG 1.20 4.9b 0.125b 53.6a 2.44a 31.3a 13.1 4.55 58.9 
   OZH-PR 1.07 4.8b 0.092b 55.0a 2.23b 30.1a 13.6 4.03 54.7 
 
† Different lower case letters for a soil property within a treatment category indicates a significant difference (P < 0.05) 
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Table 7. Summary of mean soil properties by treatment (i.e., physiographic region, landuse, and 
their interaction) for soil organic matter (SOM), total nitrogen (TN), total carbon (TC) 
concentrations in the top 10 cm from the 2016 sampling in silt-loam soils in Arkansas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
†† Different lower case letters for a soil property within a treatment category indicates a  
 significant difference (P < 0.05) 
 
  
 Soil Properties 
Treatment SOM TN TC 
  % % % 
Region    
Grand Prairie (GP) 3.33 0.12 1.44 
Ozark Highlands (OZH) 4.88 0.21  2.75 
Landuse 
Agriculture (AG) 3.31 0.14  1.81 
Prairie (PR) 4.90 0.21 2.39 
Region x landuse 
GP-AG 2.09b 0.07c 0.97c 
GP-PR 4.58a 0.14b 1.92b 
OZH-AG 4.53a 0.21a 2.64a 
OZH-PR 5.23a 0.21a 2.86a 
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Figure 1. Landuse effects by physiographic region on the change in soil pH and electrical 
conductivity (EC) in the top 10 cm over the 15-yr sampling period under either agricultural 
management (AG) or undisturbed prairie (PR) landuse in the Grand Prairie (GP) region of east-
central Arkansas or the Ozark Highlands (OZH) region of northwest Arkansas. Different letters 
associated with mean values on a panel are different at P < 0.05. An asterisk (*) indicates mean 
value is greater than 0 (P < 0.05). 
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Figure 2. Landuse effects by physiographic region on soil pH and electrical conductivity (EC) in 
the top 10 cm from the 2016 sampling only under either agricultural management (AG) or 
undisturbed prairie (PR) landuse in the Grand Prairie (GP) region of east-central Arkansas and 
the Ozark Highlands (OZH) region of northwest Arkansas. Different letters associated with mean 
values on a panel are different at P < 0.05. 
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Figure 3. Landuse effects by physiographic region on soil organic matter (SOM), total nitrogen, 
and total carbon content and concentration in the top 10 cm from the 2016 sampling only under 
either agricultural management (AG) or undisturbed prairie (PR) landuse in the Grand Prairie 
(GP) region of east-central Arkansas and the Ozark Highlands (OZH) region of northwest 
Arkansas. Different letters associated with mean values on a panel are different at P < 0.05. 
  
 118 
 
Appendix A. This appendix contains an example of the SAS program used to analyze soil 
property response to physiographic region and landuse.   
 
data OBJ2COT; 
 infile 'E:\Thesis\SAS\Objective 2 Change over Time.csv' firstobs = 2 
delimiter = ","; 
 input Region $ Site $ ECO $ LU $ BD pH EC P K Ca Mg Sul Na Fe Mn Zn Cu OM TN 
TC CNR TNOM TCOM ; 
 label Region = 'Region' 
   Site = 'Site' 
   ECO = 'Ecosystem' 
   LU = 'Landuse' 
   BD = 'Bulk Density (g/cm3)' 
   pH = 'pH' 
   EC = 'Electrical Conductivity' 
   OM = 'Organic Matter' 
   TN = 'Total N (%)' 
   TC = 'Total C (%)' 
   CNR = 'C:N Ratio' 
   TNOM = 'Total nitrogen within organic matter' 
   TCOM = 'Total carbon within organic matter' 
 
run; 
 
proc sort data = OBJ2COT; by LU ; 
quit; 
 
 
proc print data = OBJ2COT ;  
quit ; 
 
title2 'Bulk Density'; 
proc mixed data = OBJ2COT method = type3; 
  class  Region LU; 
  model BD =  
    Region 
    LU 
 Region*LU / ddfm=kenwardroger 
; 
lsmeans Region / diff ; 
lsmeans LU / diff ; 
lsmeans Region*LU / diff ; 
quit; 
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Chapter Four 
Soil carbon sequestration across a chronosequence of tallgrass prairie restorations in the 
Ozark Highlands region of Northwest Arkansas 
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Abstract 
Prairie restoration studies and research conducted in native prairie systems have been 
mostly centered in the Great Plains region of the United States and little research has been 
pursued in Arkansas to further understand the soil carbon (C) sequestration potential over time of 
remnant prairie sites and prairie restorations. The objective of this study was to evaluate the 
effects of restoration age and soil moisture regime on near-surface soil C and other soil property 
changes over time in a chronosequence of humid-temperate tallgrass prairie restorations (i.e., 15, 
16, 17, and 38 yr) in the Ozark Highlands region of northwest Arkansas. A nearby undisturbed 
native prairie was also studied for comparison as a baseline. Soil samples were collected from 
the top 10 cm in 2005 and 2017 and the change over time was assessed for soil bulk density, pH, 
electrical conductivity, soil organic matter (SOM), total C (TC), total nitrogen (TN), and the 
fraction of TC and TN in SOM. In addition to change over time, soil property magnitudes were 
also compared from the 2017 sampling date in order to also compare the current state of the 
restorations. Soil properties within the restorations generally behaved as expected, with 
beneficial decreases in soil BD and increases in SOM, TC, TN, and TC and TN fractions of 
SOM occurring over time as restoration age increased and tended towards that in the native 
prairie. The direct measurement of change in total C content over time differed (P = 0.03) 
between soil moisture regimes among ecosystems, where the greatest soil C sequestration rate of 
0.6 Mg C ha-1 yr-1 was recorded in the native prairie in the aquic soil moisture regime, where soil 
C sequestration rates ranged from -0.21 to 0.12 Mg C ha-1 yr-1 across the four prairie restorations. 
The soil C sequestration rate obtained through a linear regression analysis was much lower 
(0.0033 Mg C ha-1 yr-1) than the rate acquired through direct measurement over the 12-yr 
sampling period, implying that linear regression between soil C contents and ecosystem age can 
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lead to potential substantial underestimations of soil C sequestration occurring in prairie 
restorations. Results indicate that the prairie restorations evaluated in this study are still evolving 
and have not yet reached the rate of C sequestration observed in the native, undisturbed prairie 
ecosystem and that direct measurement of soil C storage changes over time should be used 
whenever possible. 
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Introduction 
Tallgrass prairies once occupied over 162 million ha of North America are known to 
accumulate and sequester large amounts of carbon (C) from the atmosphere (Sampson and 
Knopf, 1994). If left undisturbed, the dominant grasses in native prairies grow extensive root 
systems and symbiotic networks with the diverse soil microbial community, promoting soil 
aggregation, to create highly developed ecosystems with a positive imbalance that leads to 
increased storage of stabilized C compounds. However, following European settlement and 
agricultural advancement, almost all native tallgrass prairies have been lost and only 1% of their 
original extent remains in the continental US, making the native tallgrass prairie one of the rarest 
and most endangered ecosystems in North America (NPS, 2017). Arkansas in particular has had 
a large majority of its native prairie land anthropologically converted, primarily for agricultural 
purposes, with only 0.05% of the original prairie area that once spanned across the state still 
present today (Brye and Riley, 2009).  
Since prairie ecosystems are habitats for thousands of plant and animal species and are 
also major contributors in the global C cycle, restoration projects are rising in interest because of 
aesthetic, environmental, ecological, and biological conservation purposes (Lal, 2004). The 
growing movement of prairie restoration efforts has focused primarily on restoring marginally 
productive or fallow lands back to more natural and historic land use (Brye and West, 2005). 
However, in the US, prairie restoration studies and research conducted in native prairie systems 
have been mostly centered in the Great Plains region and little research has been conducted in 
Arkansas to further understand the soil C storage potential over time of remnant prairie sites and 
prairie restorations (Brye and West, 2005).  
 123 
 
Arkansas has at least two distinct climates and multiple soil parent material sources. The 
northwest region of Arkansas, known as the Ozark Highlands [Major Land Resource Area 
(MLRA) 116A; USDA-SCS, 1981], is relatively warm and wet and dominated by deciduous 
forest vegetation both presently and as the historic climax vegetation community. However, 
despite being predominantly populated by deciduous forests, the Ozark Highlands contains the 
remnants of the Osage Prairie, which once extended through south-central and southwestern 
Missouri, as well as northwest Arkansas (MDC, 2017). According to Brye and West (2005), 
when compared to the upper Midwest and the Great Plains, the customarily warmer and wetter 
soil conditions of the warm-temperate humid zone of the mid-southern United States, more 
specifically the Ozark Highlands, will presumably lead to varied restoration responses. Colder 
climates are more likely to accumulate soil organic C (SOC) because microbial decomposition of 
soil organic matter (SOM) is slowed and sometimes paused when temperatures reach below 
freezing (Brady and Weil, 2008). Warmer and wetter climates tend to stimulate the growth of 
above- and belowground biomass, but also increase decomposition of SOC due to the stimulation 
of the soil microbial community that carries out decomposition and respiration, which, in turn, 
cycles carbon dioxide (CO2) back into the atmosphere. However, decomposition of SOC creates 
condensates that are recalcitrant to further microbial decomposition that can bind with soil 
minerals, actively enhancing soil structure and aggregation, while simultaneously protecting a 
fraction of SOC from further microbial attack. These organo-mineral complexes are then 
considered a part of the long-term (passive) C pool, where they can remain for anywhere from 
1500 to 3500 years or longer (Parton et al., 1998; Jenkinson, 1990). However, grassland 
restoration studies in both climate regions have shown that, past a certain threshold of 
accumulation, SOC sequestration rates slow or cease once a new equilibrium of SOC addition 
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and decomposition within the system has been reached (Brye and Kucharik, 2003; Kucharik, 
2007; Brye and Gbur, 2011; Brye et al., 2008). 
Many factors are involved with the success of a prairie restoration project, including 
previous land use, topography, soil moisture regime, climate, initial soil conditions, time, parent 
material and the types and degree of management. Therefore, the outcomes of prairie restoration 
projects are not guaranteed, unless site-specific conditions have been taken into consideration 
(Brye et al., 2008). A meta-analysis study conducted by Post and Kwon (2000) concluded the 
average global C sequestration rate on land converted from agriculture to grassland was 33.2 g C 
m-2 yr-1. Other studies specific to Conservation Reserve Program (CRP) grassland restorations in 
the United States have proposed a range of average soil C sequestration rates to vary from 11 to 
304 g C m-2 yr-1 (Burke et al., 1995; Follett et al., 2001; Kucharik et al., 2003). However, 
variations among these studies can be attributed to different detection limits and soil depths, 
differences in measurement and statistical techniques, site characteristics, ecosystem age, 
climate, as well as planted species. The objective of this study was to evaluate the effects of 
restoration age and soil moisture regime (i.e., aquic and udic) on near-surface soil C and other 
soil property changes over time in a chronosequence of humid-temperate tallgrass prairie 
restorations (i.e., 15-, 16-, 17-, and 38-years old) in the Ozark Highlands region of northwest 
Arkansas. Soils in an aquic soil moisture regime (SMR) are classified as being saturated long 
enough for microbial and root respiration to deplete dissolved oxygen to the point of being 
virtually absent, leading to reducing conditions and greatly slowing microbial decomposition of 
SOM (USDA-NRCS, 2010). In contrast, soils in a udic SMR are required to have, except for 
short periods, a three-phase system (soil-liquid-gas) in all or part of the soil moisture control 
system when the soil temperature is above 5°C (USDA-NRCS, 2010). Consequently, it was 
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hypothesized that various soil physical properties [i.e., soil bulk density, pH, electrical 
conductivity (EC), SOM, total C (TC), and total nitrogen (TN) concentrations and contents, and 
the fraction of TC and TN in SOM would differ among prairie restorations of varying ages and 
an undisturbed native prairie. More specifically, the greatest changes over time were 
hypothesized to occur in the younger prairie restorations in the aquic SMR.  
 
Materials and Methods 
Site Description 
 Research has been conducted periodically since 2005 at Pea Ridge National Military Park 
near Garfield, AR, which has a series of four tallgrass prairie restorations that were initiated in 
1979, 2000, 2001, and 2002 (Dale, 1983). Consequently, in 2017, these four restorations were 
15, 16, 17, and 38 years old. A range of management practices, including burning and baling, 
have been implemented to promote the restoration process of the historic tallgrass prairie 
ecosystem that existed throughout the area. The National Parks Service initiated the restoration 
projects to return various park property areas to their documented state during the battle of Pea 
Ridge/Elkhorn Tavern during the Civil War. Previous land use of the three more modern 
restorations was managed grassland dominated by tall fescue (Lolium arundinaceum [Schreb.] 
Darbys.) and Bermudagrass (Cynodon dactylon [L.] Pers.) and supported rotational grazing of 5 
and 20 head of cattle per hectare, with periodic liming and fertilization with N, P, and K as 
necessary (Brye and Riley, 2009). Approximately 16 km southwest of the park is the Searles 
Prairie, which is a 4-ha, native tallgrass prairie in Rogers, AR. The Searles Prairie is managed by 
the Arkansas Natural Heritage Commission, contains numerous prominent prairie mounds, and is 
periodically burned (ANHC, 2009). 
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 Both the Searles Prairie and the prairie restorations at Pea Ridge National Military Park 
reside in the Ozark Highlands (36 to 38°N lat., 91 to 95°W long.), which is in MLRA 116A 
(USDA-SCS, 1981). The Ozark Highlands MLRA covers approximately 2.1 million ha in parts 
of southwest and south-central Missouri, eastern Oklahoma, and northwest and north-central 
Arkansas (Brye and Gbur, 2010). The Ozark Highlands is a low-elevation, disjointed 
mountainous region primarily underlain by limestone and sandstone residuum that is dominated 
by oak (Quercus spp.) forests, but a large extent of co-mingled tallgrass prairie was also 
historically present in a savannah-type setting (ANHC, 2009). The 30-yr (1980-2010) mean 
annual precipitation in the northwest Arkansas portion of the Ozark Highlands is 115 cm and the 
30-yr mean annual air temperature in the region is 13.7°C, with an average January minimum of 
-3.3°C and an average July maximum of 30.7C (NCEI, 2010).  
 With the exception of the 1979-initiated prairie restoration, all four other prairie areas 
have soils present that are characterized as being in either an aquic or a udic soil moisture 
regime. However, the 1979-inititated prairie restoration has only udic soils present. The five 
prairie ecosystems in this study are hereafter referred to as either prairie restoration (PR) or 
native prairie (NP) with either aquic or udic soil moisture regime (SMR), where the restorations 
are also separately referred to, based on their age since restoration began (i.e., PR15, PR16, 
PR17, and PR38). Consequently, nine prairie ecosystem-SMR combinations were evaluated in 
this study. 
 
Soil Sampling Scheme 
In November 2005, soil samples were initially collected in the four prairie restorations at 
Pea Ridge Military Park and in the Searles Prairie (Brye et. al., 2008 and Brye and Riley, 2009). 
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On January 10 and 11, 2017, another set of soil samples was collected at both sites. In each soil 
map unit represented at the Searles Prairie and in each prairie restoration (Table 1), soil samples 
were collected manually at five sampling points 15-m apart (i.e., at the 0-, 15-, 30-, 45-, and 60-
m marks) from the top 10 cm along a 60-m transect using a slide hammer and a 4.8-cm-diameter, 
stainless steel core chamber. Soil samples were oven-dried at 70°C for 48 hours, weighed for 
bulk density determinations, and subsequently crushed and sieved to pass through a 2-mm mesh 
screen for soil chemical property determinations. Soil pH and EC were potentiometrically 
determined using an electrode in a 1:2 (wt/vol) soil-to-water paste. Soil organic matter was 
determined by weight-loss-on-ignition after 2 hr at 360°C. Total C (TC) and N (TN) were 
determined by high-temperature combustion (Elementar Variomax CN Analyzer, Elementar 
Americas, Inc., Mt. Laurel, NJ). No soil among sampled transects effervesced upon treatment 
with dilute hydrochloric acid, thus all measured soil C was assumed to be soil organic C (SOC). 
Using measured TC, TN, and SOM concentrations, the soil C:N ratio and fraction of TC and TN 
in SOM were calculated for each soil sample. Measured TC, TN, and SOM concentrations (g kg-
1) were also used, with measured bulk densities and the 10-cm sample depth interval, to calculate 
TC, TN, and SOM contents (kg ha-1). In order to calculate C and N sequestration rates, the 2005 
soil property data were subtracted from 2017 data, and the differences were divided by the 
fractional number of years between samplings. Table 1 also summarizes the mean soil particle-
size distribution in the top 10 cm among transects sampled in each of the five ecosystems.  
 
Statistical Analyses 
The soil samples collected along each transect were assumed independent of one another 
and were therefore used as pseudoreplication of treatment combinations. However, due to the 
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scarcity of native prairie and prairie restoration sites in the Ozark Highlands, the assumption was 
made that the results reported were reasonably representative of true spatially replicated results  
that would have been achieved had multiple sites with similar land-use histories and soil 
characteristics been available and utilized in this study. This assumption was based on Brye and 
Riley (2009) demonstrating that the within-ecosystem variability was either similar or greater 
than the between-ecosystem variability for numerous measured, near-surface soil properties, 
including soil bulk density, pH, EC, SOM, TC and TN concentrations and contents, and C:N 
ratio.  
Following the above-described assumptions, a two-factor analysis of variance (ANOVA) 
was conducted using SAS 9.4 (SAS Institute, Inc., Cary, NC), based on a completely random 
design, to evaluate the effects of ecosystem (i.e., PR15, PR16, PR17, PR38, and NP), SMR (i.e., 
udic and aquic), and their interaction on changes in soil bulk density, pH, EC, and SOM, TC, and 
TN concentrations and contents, C:N ratio, and TC and TN fractions of SOM over time in the 
top 10 cm. A separate two-factor ANOVA was also conducted to evaluate the effects of 
ecosystem, SMR, and their interaction on just the 2017 measured soil properties. In addition, a 
linear regression analysis was conducted using only the 2017-measured data to assess soil 
property trends over time, where, similar to the method used for a prairie restoration study 
conducted on a collection of fine-textured soils in southern Wisconsin (Brye and Kucharik, 
2003), the native prairie was assigned an age of 3000 years old. For all statistical analyses, 
significance was judged at P < 0.05; thus, when appropriate, means were separated by least 
significant difference (LSD) at the 0.05 level.  
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Results and Discussion 
Soil Property Changes Over Time 
 Changes in soil BD, pH, EC, TC, and TC fraction of SOM in the top 10 cm over the 12-
year period of sampling (2005 to 2017) differed (P < 0.05) among ecosystems, between SMRs, 
or among treatments combinations (Table 2). Soil BD changes over time differed (P < 0.01; 
Table 2) among ecosystems within SMRs. The 17-yr-old prairie restoration in the udic SMR 
experienced the numerically largest soil BD increase over time (0.01 g cm-3 yr-1), but the 
increase did not differ from that in either SMR in the 15-yr-old prairie restoration or in the aquic 
SMR in the native prairie. However, the increase in the 17-year-old restoration in the udic SMR 
was significantly different from zero, while the others were not (Table 3; Figure 1). In contrast, 
the 17-yr-old prairie restoration in the aquic SMR experienced the numerically largest soil BD 
decrease over time (-0.01 g cm-3 yr-1), but the decrease did not differ from that in either SMR in 
the 16-yr-old prairie restoration. However, the soil bulk density decrease in the 17-yr-old prairie 
restoration in the aquic SMR was also different from a change of zero, while the bulk density 
decreases over time in either SMR in the 16-yr-old prairie restoration did not differ from a 
change of zero (Table 3; Figure 1). Soil BD changes over time did not differ between SMRs in 
the 15- and 16-yr-old prairie restorations or in the native prairie. A study conducted on a native 
tallgrass prairie remnant on a silt-loam soil in east-central Arkansas that had been subject to 
periodic burning and vegetation removal by haying showed decreased soil bulk density over a 
12-year period, supporting the hypothesis that proper management techniques can improve soil 
health (Brye, 2006). However, although managed with periodic burning and vegetative removal, 
the prairie restoration sites at Pea Ridge Military Park are not managed on a consistent schedule. 
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Therefore, direct correlation between different management practices and increased soil health in 
the current study is unattainable.  
Similar to soil BD, soil C content changes over time also differed (P = 0.03; Table 2) 
among ecosystems within SMRs. The numerically largest soil C content increase over time, or 
soil C sequestration rate, occurred in the aquic SMR in the native prairie (0.60 Mg ha-1 yr-1; 
Table 3; Figure 1). These results are likely the result of the periodic water logging and anaerobic 
conditions that characterize an aquic SMR, which would tend to increase the amount of stored C 
within the soil as decomposition of SOM is slowed when anaerobic conditions persist. Although 
the increase in soil C content over time in the native prairie within the aquic SMR differed from 
zero, the increase did not differ from the soil C sequestration rate in the udic SMR in the 17-yr-
old prairie restoration. With the exception of the aquic SMR in the native prairie, the soil C 
content change over time did not differ among any of the other treatment combinations and the 
soil C sequestration rate averaged -0.12 Mg ha-1 yr-1 (Table 3; Figure 1). The small change in soil 
C content is likely indicative of the gradual, yet multi-faceted, process of soil C sequestration in 
natural ecosystems. Similarly, in a study conducted by Brye et al. (2002) on the progression of a 
tallgrass prairie on a fine-textured, predominantly silt-loam soil in southern Wisconsin, total soil 
C content in the top 60 cm did not differ over time and was stable from year to year between 
1995 and 1999. Brye et al. (2002) concluded that either the 5-yr assessment period between 19 
and 24 years into a prairie restoration was not long enough to observe significant annual shifts, 
the rate of change in various soil properties could be slower than predicted, or the restoration 
goals were achieved and after 19 years under restoration the ecosystem has stabilized and 
reached equilibrium. However, Brye et al. (2002) also concluded that total soil C in the top 60 
cm of the prairie restoration was increasing relative to the soil C content changes measured in the 
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adjacent cultivated agricultural field and approached that measured in the two contiguous 
remnant tallgrass prairies. Results of Brye et al. (2002) highlight the difficulty in interpreting 
quantitative measurements of soil properties and a need to monitor vegetation characteristics as 
well to draw concrete conclusions about the progress of a prairie restoration project. Despite the 
significant differences in soil C content changes over time among ecosystem-soil-moisture-
regime combinations, the change in soil C concentration over time was unaffected (P > 0.05) by 
any treatment and no changes differed from zero (Table 2 and 3). This result indicates that the 
change in soil C content over time (i.e., soil C sequestration rate) was primarily driven by the 
change in bulk density rather than a large change in the soil C concentration over time.  
The soil C sequestration results of this study are similar to past reports, where global soil 
C sequestration rates ranged from 0.1 to 0.4 Mg C ha-1 yr-1 and averaged 0.33 Mg C ha-1 yr-1 for 
soils converted from agricultural management to grassland (Post and Kwon, 2000). Christiansen 
and Thompson (2000) followed the progression of a grassland restoration in eastern Iowa and 
concluded that fluctuations in soil C dynamics did not change linearly over time, but rather 
decreased within the first two years after initiating restoration activities, increased in the 
subsequent years, and then began to decrease between 15 and 24 years after initiating restoration 
activities, highlighting the difficulty in interpreting soil C dynamic in natural grassland 
ecosystems. Kucharik (2003) reported a declining average annual soil C sequestration rate in the 
top 5 cm as prairie restorations in southern Wisconsin matured from 4- to 16-yrs old, while the 
rates of soil N sequestration were more varied (Kucharik, 2003). Kucharik (2003) also suggested 
that short-term SOC and TN increases with conversion from agricultural management to prairie 
restoration could be lost with time (Kucharik, 2003). In comparison, a longer grassland 
restoration study conducted on previously cultivated clay soils (Udic Haplusterts) in central 
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Texas showed that SOC contents in the top 60 cm in a 60-yr-old restoration had not yet reached 
the level of stored SOC of a native prairie and, at a sequestration rate of 0.45 Mg C ha-1 yr-1, it 
would require nearly an additional century for the 60-yr-old restoration site to reach a stored-C 
pool equivalent to that of the native prairie (Potter et al., 1999).  
 Changes in soil pH, EC, and the TC fraction of SOM in the top 10 cm over time differed 
(P < 0.02; Table 2) among ecosystems. Averaged across SMRs, soil pH increased the most over 
time in the 38-yr-old prairie restoration (0.034 yr-1) compared to the other four prairie 
ecosystems, but the change did not differ from a change of zero, while changes in soil pH over 
time did not differ among any of the other four ecosystems and did not differ from a change of 
zero (Table 3; Figure 2). Brye et al. (2002) also reported that there were no differences in soil pH 
from year to year when assessing the progress of a prairie restoration in southern Wisconsin. In 
contrast to soil pH, averaged across SMRs, soil EC increased the most over time in the 15-yr-old 
prairie restoration (0.001 dS m-1 yr-1), while soil EC decreased the most over time in the 17-yr-
old prairie restoration and native prairie, but did not differ and averaged -0.003 dS m-1 yr-1 (Table 
3; Figure 2). However, although all soil EC changes over time differed from zero, the changes in 
soil EC were relatively minor, but demonstrate how uniform soil EC was for the slight 
fluctuations over time to be significant.  
Similar to soil TC content, averaged across SMR, the increase in TC fraction of SOM 
over time was numerically largest in the native prairie (0.81% yr-1; Table 3; Figure 2), but the 
increase did not differ from that in the 16- or 17-yr-old prairie restorations and did not differ 
from a change of zero. The decrease in TC fraction of SOM over time was numerically largest in 
the 38-yr-old prairie restoration (-0.32 % yr-1; Table 3; Figure 2), but the decrease did not differ 
from that in the 15- or 17-yr-old prairie restorations and also did not differ from a change of 
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zero. These results indicate that differential enrichment of the SOM pool with C is not occurring 
among the prairie restorations or native prairie, which suggests to some degree that the functions 
associated with soil C dynamics in the prairie restorations achieved a similar level as those in the 
native prairie by only 15 years after initiation of restoration efforts. These results also underscore 
the influence of similar loamy soil parent materials on ecosystem functioning among tallgrass 
prairies in the Ozark Highlands region of northwest Arkansas. 
Averaged across ecosystems, soil pH increased (P = 0.03) more over time in the aquic 
(0.015 yr-1) than in the udic (0.004 yr-1) SMR, but both changes did not differ from a change of 
zero (Table 3). Changes in SOM and TN concentration and content, soil C:N ratio, and the TN 
fraction of SOM in the top 10 cm over the 12-yr time period were generally quite small, where 
many changes over time did not differ from a change of zero (Table 4) and, consequently, were 
unaffected (P > 0.05) by ecosystem, SMR, or their interaction (Table 2). In contrast, Brye et al. 
(2002) reported a significant TN content increase in the top 30 cm of soil from 1995 to 1999 
when assessing the progress of a prairie restoration also on fine textured, predominantly silt loam 
soils, in southern Wisconsin. The differential TN results suggest that less decomposition is 
occurring in the upper Midwest, which is relatively cooler, as evidenced by the storage and 
sequestration of more soil N, compared to in the mid-southern United States, which is relatively 
warmer, where, in this study, there was no significant increase in total soil N.  
 
Soil Property Differences after 12 Years 
 Though five of nine measured soil property changes over time in the top 10 cm were 
affected, while the other four were unaffected, by ecosystem, SMR, or their interaction, all 
measured soil properties differed (P < 0.05) among ecosystems, between soil moistures regimes, 
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or among treatment combinations in 2017 after 12 years of consistent management or natural 
time progression (Table 5). With the exception of soil C:N ratio and TC and TN fraction of 
SOM, all other soil properties differed (P < 0.01) between SMRs among ecosystems (Table 5). 
The regression analysis conducted resulted in significant trends only observed in the udic SMR, 
where BD, SOM and TC contents and concentrations were the only soil properties that 
significantly changed (P < 0.05) as ecosystem age increased. With the exception of the C:N ratio, 
which was averaged across SMR and analyzed by prairie restoration only, excluding the native 
prairie, all other soil properties did not change over time. Soil BD in the top 10 cm was greater in 
the udic-17-, udic-38-, and 15-yr-old prairie restorations in both SMRs, which did not differ and 
averaged 1.25 g cm-3, than that in the 16- and 17-yr-old prairie restorations in the aquic SMR, 
which did not differ and averaged 1.01 g cm-3 (Table 6; Figure 3). A similar study conducted in 
fall 2005 by Brye et al. (2008) on the same prairie restoration sites when the sites were 3, 4, 5, 
and 26 years old, but not separated by SMR, concluded that the oldest prairie restoration had the 
greatest bulk density (1.23 g cm-3) in the top 10 cm, while the soil bulk density was lowest in the 
native prairie (1.07 g cm-3).  
Regression analysis determined a strong trend in soil BD (P = 0.05, r2 = 0.71) among 
prairie ecosystems in the udic SMR, where BD decreased by 0.00005 g cm-3 yr -1 as restoration 
age increased. An overall decrease in soil BD as restoration age increases could be the result of 
the adaptation of the soil as grazing cattle were removed from these ecosystems to initiate the 
restorations and establish the perennial grasslands. Brye and Riley (2009) concluded the same 
when results showed a general decrease in soil BD with restoration age that tended toward the 
native prairie. Kucharik et al. (2006) also reported greater soil BD in a 65-yr-old prairie 
restoration compared to that in an adjacent remnant prairie ecosystem in east-central Wisconsin. 
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However, in contrast, Brye and West (2005) reported greater soil BD in the top 10 cm of an 
ungrazed grassland compared to a grazed grassland on silt-loam soils in the Ozark Highlands, 
where the ungrazed grasslands included a native prairie and several hayed/mowed grasslands. 
Brye and West (2005) attributed the difference to low and inconsistent cattle stocking rates on 
the grazed grassland that led to the wheel traffic from the cutting of the ungrazed meadows to 
have a greater impact on soil BD than periodic animal traffic. Soil pH was greater in the 16- and 
17-yr-old prairie restorations in the aquic SMR, which did not differ and averaged 6.5, than that 
in the native prairie in the aquic SMR (pH = 5.2), which was more acidic than all other 
ecosystem-SMR combinations (Table 6; Figure 3). Similarly, Brye et al. (2008) reported the 
lowest soil pH in the native prairie as well, along with low soil pHs in the oldest prairie 
restoration. Contrary to these results, in a study also conducted on the same restoration sites 
(aged 3, 4, 5, and 26 years old), Brye and Riley (2009) reported an increase in soil pH as 
restoration age increased, which was attributed to the cessation of N fertilization and the 
influence of nitrification as an acidifying process from the previous managed grassland land use. 
Similar to pH, soil EC was greater in the 16- and 17-yr-old prairie restorations in the aquic SMR, 
which did not differ and averaged 0.111 dS m-1, than that in all other ecosystem-SMR 
combinations, which did not differ and averaged 0.075 dS m-1 (Table 6; Figure 3).  
 Soil organic matter concentration and content were greater in the 16- and 17-yr-old 
prairie restorations in the aquic and native prairie in the udic SMR, which did not differ and 
averaged 5.3% and 29.1 Mg ha-1, respectively (Table 6 and 7; Figure 4). Soil organic matter 
concentration was lowest in the four prairie restorations in the udic SMR, which did not differ 
and averaged 2.9% (Table 7; Figure 4), while SOM content was lowest in 15-, 17-, and 38-yr-old 
prairie restorations in the udic SMR, which did not differ and average 34.2 Mg ha-1 (Table 6; 
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Figure 4). Although not separated by SMR, similar results were reported by Brye et al. (2008), 
when the restorations were 3, 4, 5, and 26 years old, where SOM content was greatest in the 
native prairie, which did not differ to that in the 4- and 5-yr-old restorations. In addition, Brye et 
al. (2008) also reported SOM content to be lowest in the oldest restoration, which was 26-year-
old at the time of sampling. Regression analysis also determined a strong trend in SOM 
concentration (P = 0.02, r2 = 0.82) and content (P = 0.03, r2 = 0.81) among prairie ecosystems in 
the udic SMR, where SOM concentration and content increased by 0.0006 % yr-1 and 0.006 Mg 
ha-1 yr -1, respectively, as restoration age increased. The trend of increasing SOM over time was 
most likely the result of greater above- and belowground biomass growth, as root systems of the 
prairie vegetation expand through the soil over time. However, it is unclear why the trend of 
significantly increasing SOM concentration and content over time was not observed within the 
aquic SMR.  
Soil C concentration was greater in the 16- and 17-yr-old prairie restorations in the aquic 
SMR, which did not differ and averaged 3.0%, while soil C concentration was lowest in the 15-, 
17-, and 38-yr-old prairie restorations in the udic SMR, which did not differ and averaged 1.4% 
(Table 7; Figure 4). These results are likely the result of the periodic water-logging and 
anaerobic conditions typical of an aquic SMR, which would tend increase the amount of stored C 
within the soil, as SOM decomposition is generally slowed during persistent anaerobic 
conditions, that occurred with the slightly older prairie restorations. In contrast to soil C 
concentration, and again highlighting the effect soil BD differences have on TC measurements, 
soil C content was greater in the 16-yr-old prairie restoration in the aquic SMR (32.0 Mg ha-1) 
than in all the other ecosystem-SMR treatment combinations, while soil C content was lowest in 
the 15- and 38-yr-old prairie restorations in the udic SMR, which did not differ and averaged 
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16.3 Mg ha-1 (Table 6; Figure 4). Regression analyses support an increasing trend among 
ecosystems in the udic SMR in both TC concentration and content, where TC concentration (P = 
0.03, r2 = 0.77) and content (P = 0.04, r2 = 0.74) increased by 0.0003 % yr-1 and 0.003 Mg ha-1 yr 
-1, respectively, with restoration age, in which the changes over time in both soil C properties 
were tending towards those in the native prairie. A study using the same chronosequence of 
humid-temperate tallgrass prairie restorations in Ozark Highlands showed soil C content, in the 
top 20 cm, increased with restoration age and tended towards the observed levels in a nearby 
native prairie after four years (Brye and Riley, 2009). In southern Wisconsin, Kucharik (2007) 
reported that, when compared, the soil properties of agricultural fields to adjacent prairie 
restorations of varying ages separated by soil order (i.e., Mollisol or Alfisol), the SOC content 
increased in the top 5 cm of young (4- to 6-years old) and middle-aged (6- to10-years old) prairie 
restorations in the Alfisol soil order following the conversion from agricultural land use to prairie 
restoration. However, on average, Mollisols contained 8.6% more SOC in the 0- to 25-cm depth 
range than the Alfisols (Kucharik, 2007).  
Similar to SOM concentration, soil N concentration was greater in the 16- and 17-yr-old 
prairie restorations in the aquic and in the native prairie in both SMRs, which did not differ and 
averaged 0.2%, while soil N concentration was lowest in the 15-, 17-, and 38-yr-old prairie 
restorations in the udic SMR, which did not differ and averaged 0.1% (Table 7; Figure 4). The 
soil N results can be at least partially explained by an increase in N-rich grass species and forbes 
in the older restorations, excluding the 38-yr-old restoration, which was dominated by woody 
encroachment from predominantly sumac (Rhus spp.) instead of readily decomposable grasses, 
as well as the increased storage of N in the soil, due to periodic anaerobic conditions in the aquic 
SMR, that would slow the decomposition of SOM and therefore the mineralization of soil N. The 
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substantially older age was the likely explanation for greater soil N concentration in both SMRs 
in the native prairie compared to the much younger restorations. In contrast to soil N 
concentration, soil N content was greater in the 16- and 17-yr-old prairie restoration in the aquic 
SMR, which did not differ and averaged 2.2 Mg ha-1, while soil N content was lower in the 38-
yr-old prairie restoration in the udic SMR (0.9 Mg ha-1) than all other ecosystem-SMR treatment 
combinations (Table 6; Figure 4). The discrepancy between soil TN concentration and content 
results was most likely due to the differences in soil BD among the prairie ecosystems. Brye and 
Riley (2008) reported a trend in the relationship between soil N content and restoration age, 
where the greatest soil N contents were present in the younger restorations and soil N content 
decreased with restoration age. The trend of decreasing N content with increasing restoration age 
was attributed to the cessation of inorganic N fertilization for biomass production in the 
previously managed grassland land use. However, compared to the average C and N contents of 
69 and 6.1 Mg ha-1, respectively, reported for a prairie restoration in southern Wisconsin by Brye 
et al. (2002), the average N content of the prairie restorations in this study and others conducted 
in the past on these same prairie restorations are low. It is important to consider, however, that 
Brye et al. (2002) reported contents measured from the 0-30 cm soil depth range, which is a 
considerably larger depth range assessed than in the current study.  
 Soil C:N ratio and the TC and TN fractions of SOM differed (P < 0.01) among 
ecosystems but were unaffected by SMR (Table 5). Averaged across SMR, soil C:N ratio was 
largest in the 38-yr-old prairie restoration and native prairie, which did not differ and averaged 
14.7, while soil C:N ratio was lowest and averaged 13.6 among the three youngest prairie 
restorations and native prairie, which did not differ (Table 6; Figure 5). The soil C:N ratio 
differences could be indicative of the diversity of grass species decreasing in the native prairie 
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and the eldest prairie restoration, leading to a decrease of N-producing forbs and the 
aboveground biomass evolving to more woody brush and hardier grasses that have greater C:N 
ratios that would tend to resist decomposition. In the case of the native prairie, another 
explanation could be due to a greater SOC sequestration rate within the ecosystem leading to 
more stored C and less available N within the SOM pool, therefore increasing the C:N ratio 
within the soil. However, this explanation would likely not pertain to the 38-yr-old prairie 
restoration, since the oldest restoration had the lowest sequestration rate among the ecosystems 
evaluated in this study. Regression analysis resulted in a strong positive trend (P = 0.03, r2 = 
0.91) of a 0.08 yr-1 increase in C:N ratio with increasing restoration age when analyzed among 
prairie restorations only and excluding the native prairie. Brye and Riley (2009) reported similar 
results, with soil C:N ratio increasing as restoration age increased. Another similar trend in soil 
C:N ratio was reported by Brye and Kucharik (2003) in the top 10 cm of a prairie restoration in 
south-central Wisconsin. However, Kucharik (2007) reported no trend in soil C:N ratio based on 
restoration age, but did report a significant effect on soil C:N ratio based on soil order at all 
measured depths (i.e. 0-5, 5-10, 10-25, and 0-25 cm), where Mollisols had a greater C:N ratio at 
each depth interval than Alfisols. In contrast to soil C:N ratio, averaged across SMRs, the soil 
TC and TN fractions of SOM were both largest among the 15-, 16-, and 17-yr-old prairie 
restorations and native prairie, which did not differ and averaged 51.7 and 3.9%, respectively, 
and lowest in the 38-yr-old prairie restoration (47.7% C and 3.1% N; Table 6; Figure 5). The 
cause for the low levels of TC and TN fractions of SOM in the 38-yr-old prairie restoration could 
stem from the fact that there is only a udic SMR represented in this restoration. Therefore, the 
more rapid decomposition of the TC and TN, due to the absence of prolonged periodic anaerobic 
conditions, could be the reason for the lower TC and TN levels within the SOM pool. In contrast 
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to soil TN, averaged across ecosystem, the soil TC fraction of SOM was also greater in the aquic 
(53.1%) than in the udic (50.2%) SMR (Table 6), which was also likely due to the absence of 
prolonged water-logging in the udic SMR, leading to a greater rate of mineralization of the 
available N.  
 
Conclusions 
 This field study evaluated the effects of restoration age and SMR (i.e., aquic and udic) on 
near-surface soil C and other soil property changes over time in a chronosequence of humid-
temperate tallgrass prairie restorations (i.e., 15-, 16-, 17-, and 38-years old) in the Ozark 
Highlands region of northwest Arkansas. The Ozark Highlands region of northwest Arkansas is a 
unique transition zone between the more arid Great Plains grasslands to the west and northwest 
and the more humid forests to the east and southeast, where the dynamics of soil C and other C-
related soil properties in grasslands have been understudied. 
 In general, the soil properties evaluated in this study behaved as expected, with decreases 
in soil BD and increases in SOM, TC, TN, and TC and TN fractions of SOM occurring over time 
as restoration age increased, which tended towards the values measured in a nearby native 
prairie. However, the 38-yr-old prairie restoration often possessed the lowest soil property 
magnitudes and did not fit well within the general trend over time as measured in the three 
younger restorations. The negative effects of fragmentation and the lack of consistent 
management leading to woody encroachment have likely contributed to the atypical behavior of 
the oldest prairie restoration evaluated in this study. The soil C sequestration rates reported for 
the top 10 cm in this study from direct measurements over a 12-year period, which ranged from -
0.21 to 0.12 Mg C ha-1 yr-1 across four prairie restorations ranging in age from 15- to 38-years 
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old and averaged 0.60 Mg C ha-1 yr-1 in the aquic SMR of the native prairie, were similar to those 
reported in other studies. However, soil C sequestration rates determined by regression analysis 
between soil C contents in the top 10 cm and ecosystem age resulted in much lower rates than 
those determined from direct measurement.  Underestimating soil C sequestration rates based on 
regression analysis may have negative implications for evaluating the effects of regional or 
global climate and highlights the importance of using direct measurements for assessing soil 
property change over time whenever possible. Results of this study also clearly demonstrated the 
significant effect of the history of internal soil moisture dynamics, as measured through 
differences in soil properties, particularly for SOC, between soil moisture regimes, indicating 
that soil moisture regime should be taken into account when attempting grassland restoration 
activities.  
As many soil properties in the prairie restorations evaluated in this study are trending 
towards those measured in a nearby native prairie on similar soils, continued proper and 
consistent management of the prairie restorations into the future will be critical for the potential 
long-term success of the restorations achieving a similar state of functionality and SOC 
sequestration potential as measured in the native prairie. Continued research on the restoration 
sites used in this study would be beneficial, due to the unique chronosequence that was created 
following the staggered implementation of the restoration projects. Expanding the study to 
include ecological studies and C and N analyses of the dominant vegetative species, as well as 
the diversity and richness of the microbial population, would further enhance interpretations and 
implications of restoration activities. Results of this study contribute valuable insights to 
extrapolate to other prairie restoration projects in the Ozark Highlands, which will help to 
increase not just biodiversity in prairie vegetation and wildlife and esthetic appeal in the region, 
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but also lead to greater SOC sequestration to help mitigate global climate change and the 
rehabilitation of agriculturally disturbed soils.  
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Appendix 
 
Table 1. Summary of land use, soil properties from the top 10 cm, and topographic characteristics 
associated with the four prairie restorations at the Pea Ridge National Military Park and a nearby native 
tallgrass prairie evaluated in this study in the Ozark Highlands region of northwest AR. 
 
Land use 
Years of 
Restoration* 
Soil 
Series 
Soil 
Taxonomic 
Description 
Sand** 
(kg kg-1) 
Silt** 
(kg kg-1) 
Clay** 
(kg kg-1) 
Soil 
Textural 
Class 
Slope 
(%) 
Prairie 
Restoration 
38 Captina Typic 
Fragiudult 
0.44 0.44 0.12 Loam 1-3 
 Peridge† Typic 
Paleudalf 
0.54 0.36 0.10 Sandy 
loam 
1-3 
17 Taloka Mollic 
Albaqualf 
0.45 0.38 0.17 Loam 0-1 
 Captina Typic 
Fragiudult 
0.32 0.59 0.09 Silt loam 1-3 
16 Jay Oxiaquic 
Fragiudalf 
0.39 0.46 0.15 Loam 1-3 
 Captina Typic 
Fragiudult 
0.46 0.45 0.09 Loam 1-3 
 Taloka Mollic 
Albaqualf 
0.43 0.42 0.15 Loam 0-1 
 Peridge Typic 
Paleudalf 
0.49 0.43 0.08 Loam 1-3 
15 Jay Oxyaquic 
Fraguidualf 
0.48 0.42 0.10 Loam 1-3 
 Taloka Mollic 
Albaqualf 
0.41 0.44 0.15 Loam 0-1 
 Peridge Typic 
Paleudalf 
0.55 0.40 0.05 Sandy 
loam 
1-3 
Native Prairie 0 Cherokee Typic 
Albaqualf 
0.40 0.48 0.12 Loam 0 
 Jay Oxiaquic 
Fragiudalf 
0.34 0.58 0.09 Silt loam 1-3 
* Indicates number of years passed since initial restoration to the data of last soil sampling (i.e., 2017). 
** Sand, silt, and clay distributions were obtained from Brye et al. (2008). 
† Indicates that soil series has been recorrelated after 2005 and was changed from Cane to Peridge (Brye et al., 2008). 
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Table 2. Analysis of variance summary of the effects of ecosystem, soil moisture regime (SMR), 
and their interaction on the change in soil bulk density, pH, electrical conductivity, organic 
matter, total nitrogen, and total carbon concentration and content, C:N ratio, and the nitrogen and 
carbon fractions of soil organic matter over a 12-year period in a chronosequence of four prairie 
restorations and an undisturbed native prairie in northwest Arkansas. 
 
Soil Property Ecosystem SMR Ecosystem x SMR 
 ________________________ P ________________________ 
Bulk Density (g cm-3 yr-1) 0.06 0.04 < 0.01 
pH (yr-1) 0.02 0.03 0.46 
Electrical Conductivity (dS m-1 yr-1) < 0.01 0.84 0.16 
Soil Organic Matter (% yr-1) 0.64 0.48 0.65 
Soil Organic Matter (Mg ha-1 yr-1) 0.35 0.88 0.07 
Total Nitrogen (% yr-1) 0.27 0.23 0.63 
Total Nitrogen (Mg ha-1 yr-1) 0.29 0.25 0.14 
Total Carbon (% yr-1) 0.48 0.13 0.89 
Total Carbon (Mg ha-1 yr-1) 0.19 0.17 0.03 
C:N ratio (yr-1) 0.06 0.14 0.22 
Total Nitrogen in Organic Matter (% yr-1) 0.39 0.32 0.18 
Total Carbon in Organic Matter (% yr-1) 0.01 0.07 0.28 
 
 
 
 
 
 
 
 
 
  
  
 
Table 3. Summary of mean soil property changes by treatment (i.e., ecosystem, soil moisture regime, or their interaction) over a 12-
year sampling period for soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total 
carbon (TC), C:N ratio, and the N (N/SOM) and C (C/SOM) fractions of SOM in a chronosequence of four prairie restorations and an 
undisturbed native prairie in northwest Arkansas. 
 
Treatment 
Soil Properties 
BD 
(g cm-3 
yr-1) 
pH 
(yr-1) 
EC 
(dS m-1 
yr-1) 
SOM 
(Mg ha-1 
yr-1) 
TN 
(Mg ha-1 
yr-1) 
TC 
(Mg ha-1 
yr-1) 
C:N 
(yr-1) 
N/SOM 
(% yr-1) 
C/SOM 
(% yr-1) 
Ecosystem 
   PR15† 0.003 0.001 0.001* -0.26 0.06 -0.16 0.15 0.25 -0.10 
   PR16 -0.004 0.000 -0.001* -0.54 -0.03 -0.07 0.18 -0.04 0.28* 
   PR17 0.000 -0.004 -0.003* -0.22 -0.02 -0.01 0.20 -0.04 0.24 
   PR38 0.001 0.035 0.000* -0.22 -0.03 -0.21 0.17 -0.06 -0.32* 
   NP 0.003 0.014 -0.003* -0.36 0.46 0.23 -0.09 0.93 0.81* 
Soil Moisture Regime 
   Aquic -0.002 0.015 -0.001 -0.37 0.21 0.08 0.05 0.44 0.51 
   Udic 0.001 0.004 -0.001 -0.34 < 0.01 -0.12 0.17 0.05 0.02 
Ecosystem x Soil Moisture Regime 
   PR15 – Aquic 0.003 0.014 0.002 0.03 -0.04 -0.06 0.23 -0.09 -0.15 
   PR15 – Udic 0.003 -0.005 0.001 -0.40 0.11 -0.21 0.11 0.42 -0.08 
   PR16 – Aquic -0.006 -0.001 -0.002 -0.86 -0.01 -0.07 0.06 0.03 0.61 
   PR16 – Udic -0.004 0.001 0.000 -0.43 -0.03 -0.07 0.23 -0.06 0.17 
   PR17 – Aquic -0.011* 0.016 -0.003 -0.58 -0.02 -0.14 0.06 0.01 0.29 
   PR17 – Udic 0.011* -0.023 -0.003 0.13 -0.03 0.12 0.33 -0.09 0.19 
   PR38 – Udic 0.001 0.035 0.000 -0.22 -0.03 -0.21 0.17 -0.06 -0.32 
   NP – Aquic 0.005 0.032 -0.002 -0.07 0.92 0.60* -0.14 1.83 1.28 
   NP – Udic 0.001 -0.004 -0.004 -0.66 < -0.01 -0.13 -0.04 0.03 0.34 
† 15-, 16-, 17-, and 38-yr-old prairie restorations (PR) and native prairie (NP) 
* An asterisk indicates mean value is greater than 0 (P < 0.05) 
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Table 4. Summary of mean soil property changes by treatment (i.e.,  
ecosystem, soil moisture regime, or their interaction) over a 12-year  
sampling period for soil organic matter (SOM), total nitrogen (TN),  
total carbon (TC) concentrations in a chronosequence of four prairie  
restorations and an undisturbed native prairie in northwest Arkansas. 
 
 
† 15-, 16-, 17-, and 38-yr-old prairie restorations (PR) and native prairie (NP) 
* An asterisk indicates mean value is greater than 0 (P < 0.05) 
 
  
 Soil Properties 
Treatment 
SOM 
(% yr-1) 
TN 
(% yr-1) 
TC 
(% yr-1) 
Ecosystem    
PR15† -0.03 -0.004 -0.02 
PR16 -0.03 -0.002  0.00 
PR17 -0.01 -0.001  0.01 
PR38 -0.02 -0.002 -0.02 
NP -0.05  0.000  0.00 
Soil Moisture Regime 
Aquic -0.02 -0.001  0.01 
Udic -0.03 -0.002 -0.01 
Ecosystem x Soil Moisture Regime 
PR15-Aquic -0.01 -0.004 -0.01 
PR15-Udic -0.04 -0.004 -0.02 
PR16-Aquic -0.05  0.000  0.01 
PR16-Udic -0.02 -0.002  0.00 
PR17-Aquic -0.01  0.000  0.02 
PR17-Udic -0.02 -0.003 -0.00 
PR38-Udic -0.02 -0.002 -0.02 
NP-Aquic -0.03  0.000  0.02 
NP-Udic -0.06  0.000 -0.01 
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Table 5. Analysis of variance summary of the effects of ecosystem, soil moisture regime (SMR), 
and their interaction on soil bulk density, pH, electrical conductivity, organic matter, total 
nitrogen, and total carbon concentration and content, C:N ratio, and the nitrogen and carbon 
fractions of soil organic matter from the 2017 sampling in a chronosequence of four prairie 
restorations and an undisturbed native prairie in northwest Arkansas. 
 
Soil Property Ecosystem SMR Ecosystem x SMR 
 ________________________ P ________________________ 
Bulk Density (g cm-3 ) < 0.01 < 0.01 < 0.01 
pH  < 0.01    0.68 < 0.01 
Electrical Conductivity (dS m-1)    0.15 < 0.01 < 0.01 
Soil Organic Matter (%) < 0.01 < 0.01 < 0.01 
Soil Organic Matter (Mg ha-1) < 0.01 < 0.01 < 0.01 
Total Nitrogen (%) < 0.01 < 0.01 < 0.01 
Total Nitrogen (Mg ha-1) < 0.01 < 0.01    0.02 
Total Carbon (%) < 0.01 < 0.01 < 0.01 
Total Carbon (Mg ha-1) < 0.01 < 0.01 < 0.01 
C:N ratio  < 0.01    0.46    0.15 
Total Nitrogen in Organic Matter (%) < 0.01    0.81    0.15 
Total Carbon in Organic Matter (%) < 0.01 < 0.01    0.17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Table 6. Summary of mean soil properties by treatment (i.e., ecosystem, soil moisture regime, or their interaction) from the 2017 
sampling for soil bulk density (BD), pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), total carbon 
(TC), C:N ratio, and the N (N/SOM) and C (C/SOM) fractions of SOM in a chronosequence of four prairie restorations and an 
undisturbed native prairie in northwest Arkansas. 
 
Treatment 
Soil Properties 
BD pH EC SOM TN TC C:N N/SOM C/SOM 
(g cm-3)   (dS m-1)  (Mg ha-1)  (Mg ha-1)  (Mg ha-1)   (%)  (%)  
Ecosystem 
   PR15† 1.23 5.9 0.078 40.40 1.61 20.40 12.81 4.0 50.1 
   PR16 1.15 6.1 0.080 43.70 1.74 23.30 13.60 3.9 52.7 
   PR17 1.12 6.3 0.093 45.85 1.68 22.89 13.82 3.7 50.3 
   PR38 1.24 5.8 0.068 30.45 0.95 14.52 15.35 3.1 47.7 
   NP 1.10 5.6 0.082 50.91 1.94 27.35 14.10 3.8 53.7 
Soil Moisture Regime 
   Aquic 1.08 6.0 0.096 52.65 2.03 27.93 13.82 3.9 53.1 
   Udic 1.21 5.9 0.073 37.75 1.43 19.13 13.80 3.7 50.2 
Ecosystem x Soil Moisture Regime 
   PR15 – Aquic 1.22 5.9 0.077 49.02 1.80 24.97 13.89 3.7 50.9 
   PR15 – Udic 1.24 5.9 0.078 36.09 1.52 18.11 12.27 4.2 49.7 
   PR16 – Aquic 1.05 6.4 0.105 57.04 2.33 31.99 13.78 4.1 56.1 
   PR16 – Udic 1.19 6.0 0.071 39.25 1.55 20.41 13.58 3.8 51.5 
   PR17 – Aquic 0.97 6.6 0.117 55.65 2.09 27.66 13.27 3.8 50.3 
   PR17 – Udic 1.28 6.0 0.069 36.05 1.27 18.12 14.37 3.5 50.3 
   PR38 – Udic 1.24 5.8 0.068 30.45 0.95 14.52 15.35 3.1 47.7 
   NP – Aquic 1.10 5.2 0.084 48.88 1.89 27.08 14.35 3.9 55.3 
   NP – Udic 1.10 6.0 0.081 52.94 1.99 27.62 13.84 3.8 52.1 
† 15-, 16-, 17-, and 38-yr-old prairie restorations (PR) and native prairie (NP) 
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Table 7. Average soil organic matter (SOM), total nitrogen (TN), and  
total carbon (TC) concentrations for the 2017 sampling by ecosystem,  
soil moisture regime, and their interaction from a chronosequence of  
four prairie restorations and an undisturbed native prairie in northwest  
Arkansas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
† 15-, 16-, 17-, and 38-yr-old prairie restorations (PR) and native prairie (NP) 
 Soil Properties 
Treatment 
SOM 
(% yr-1) 
TN 
(% yr-1) 
TC 
(% yr-1) 
Ecosystem    
PR15† 3.33 0.13 1.68 
PR16 3.91 0.16 2.09 
PR17 4.28 0.16 2.14 
PR38 2.46 0.08 1.17 
NP 4.62 0.18 2.47 
Soil Moisture Regime 
Aquic 4.92 0.19 2.60 
Udic 3.18 0.12 1.62 
Ecosystem x Soil Moisture Regime 
PR15-Aquic 4.05 0.15 2.06 
PR15-Udic 2.97 0.12 1.49 
PR16-Aquic 5.45 0.22 3.06 
PR16-Udic 3.39 0.14 1.77 
PR17-Aquic 5.74 0.22 2.86 
PR17-Udic 2.82 0.10 1.42 
PR38-Udic 2.46 0.08 1.17 
NP-Aquic 4.43 0.17 2.43 
NP-Udic 4.81 0.18 2.51 
 153 
 
 
 
 
Figure 1. Ecosystem-soil moisture regime effects on the change in soil bulk density and total 
carbon in the top 10 cm over the 12-yr sampling period in a chronosequence of four prairie 
restorations (PR; 15-, 16-, 17-, and 38 years old) and an undisturbed native prairie (NP) in 
northwest Arkansas. An asterisk (*) indicates mean value is greater than 0 (P < 0.05). 
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Figure 2. Ecosystem effects on the change in soil pH, electrical conductivity (EC), and the 
carbon fraction of soil organic matter (C/SOM) in the top 10 cm over the 12-yr sampling period 
in a chronosequence of four prairie restorations (PR; 15-, 16-, 17-, and 38 years old) and an 
undisturbed native prairie (NP) in northwest Arkansas. An asterisk (*) indicates mean value is 
greater than 0 (P < 0.05). 
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Figure 3.  Ecosystem-soil moisture regime effects on soil bulk density, pH, and electrical 
conductivity (EC) in the top 10 cm from the 2017 sampling in a chronosequence of four prairie 
restorations (PR; 15-, 16-, 17-, and 38 years old) and an undisturbed native prairie (NP) in 
northwest Arkansas. 
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Figure 4. Ecosystem-soil moisture regime effects on soil organic matter (SOM), total nitrogen 
(TN), and total carbon (TC) concentrations and contents in the top 10 cm from the 2017 
sampling in a chronosequence of four prairie restorations (PR; 15-, 16-, 17-, and 38 years old) and 
an undisturbed native prairie (NP) in northwest Arkansas.  
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Figure 5. Ecosystem effects on soil carbon: nitrogen (C:N) ratio and the N (N/SOM) and C 
(C/SOM) fractions of soil organic matter (SOM) in the top 10 cm from the 2017 sampling in a 
chronosequence of four prairie restorations (PR; 15-, 16-, 17-, and 38 years old) and an undisturbed 
native prairie (NP) in northwest Arkansas. 
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Appendix A. This appendix contains an example of the SAS program used to analyze soil 
property response to ecosystem and soil moisture regime.  
data OBJ3COT; 
 infile 'E:\Thesis\SAS\Objective 3 Change over Time.csv' firstobs = 2 
delimiter = ","; 
 input Region $ Site $ ECO $ Series $ SMR $ BD pH EC P K Ca Mg Sul Na Fe Mn 
Zn Cu OM TN TC CNR TNOM TCOM ; 
 label Region = 'Region' 
   Site = 'Site' 
   ECO = 'Ecosystem' 
   Series = 'Soil series' 
   SMR = 'Soil Moisture Regime' 
   BD = 'Bulk Density (g/cm3)' 
   pH = 'pH' 
   EC = 'Electrical Conductivity' 
   OM = 'Organic Matter' 
   TN = 'Total N (%)' 
   TC = 'Total C (%)' 
   CNR = 'C:N Ratio' 
   TNOM = 'Total nitrogen within organic matter' 
   TCOM = 'Total carbon within organic matter' 
  
run; 
  
proc sort data = OBJ3COT; by ECO ; 
quit; 
  
  
proc print data = OBJ3COT ; 
quit ; 
  
title2 'Bulk Density'; 
proc mixed data = OBJ3COT method = type3; 
  class  ECO SMR; 
  model BD = 
    ECO 
    SMR 
 ECO*SMR / ddfm=kenwardroger 
; 
lsmeans ECO / diff; 
lsmeans SMR / diff; 
lsmeans ECO*SMR / diff ; 
quit;  
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Summary and Overall Conclusions 
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Changes in near-surface soil C and N and related properties, assessed by direct 
measurement, between a 12- and 15-yr period in silt-loam soils in Arkansas clearly were affected 
by physiographic region, soil moisture regime, land use, and years under restoration. As 
expected, SOM, TN, TC in native tallgrass prairies in Arkansas did not drastically change over 
time, indicating some degree of equilibrium exists in the less-disturbed, more natural native 
prairie ecosystems evaluated. Results also indicate greater soil C sequestration occurring in the 
relatively cooler and drier climate of the Ozark Highlands compared to the Grand Prairie region. 
However, the Grand Prairie region also experienced a measurable loss of soil C, under both 
agricultural and undisturbed landuses, which was likely at least partially the result of severe 
fragmentation of the remnant prairie ecosystems in the Grand Prairie and the warmer and wetter 
climate.  
Results of this study demonstrate how the combination of climate and soil parent 
material, which constituted the major differences between physiographic regions that were 
investigated in this study, can have a large influence on SOM, C, and N storage and their change 
over time. Despite differing soil moisture regimes within the two regions, physiographic region 
clearly had a greater influence than soil moisture regime, as evidenced by more soil property 
changes over time evaluated in this research differing between regions when averaged across soil 
moisture regime than differed between soil moisture regimes when averaged across regions. 
However, soil moisture regime tended to have a greater influence than physiographic region on 
soil properties assessed most recently in 2016/2017 based on a single temporal measurement.  
In the absence of direct measurements, any inferences drawn about temporal trends in 
soil properties, particularly those like SOM, C, and N, that are key to improving understanding 
about the effects of rising mean annual air temperatures, rising atmospheric greenhouse gas 
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concentrations, and global climate change in general must be tempered with numerous caveats 
because those inferences could be misleading. 
Many types of ecosystems, especially native prairies, are resilient and conditioned to 
resist change. Though inconvenient for numerous reasons, direct measurement over time in long-
term studies, as were conducted in this study, perhaps offers the most appropriate methodology 
to assess temporal variation in soil properties and ecosystem characteristics towards 
understanding global climate change. Therefore, long-term, direct-measurement studies should 
be maintained and expanded to increase the accuracy of cataloguing important ecosystem 
processes and functions, such as soil C sequestration and other beneficial soil properties, 
particularly in disappearing native prairie ecosystems in Arkansas and elsewhere. The results of 
longer-term studies will provide more useful and effective guidance for rehabilitating and/or 
restoring areas of degraded land and/or minimally productive agricultural land. Ecosystem 
restoration projects may not only increase soil health and sustainability, but, by applying similar 
restoration principles to agricultural lands, productivity may also increase and collectively 
contribute to slowing, or potentially reversing, the global threat of rising greenhouse gas 
concentrations in the atmosphere and climate change.   
 
